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GEOLOGY OF THE COLQOUIRI TIN MINE, BOLIVIA. 


DONALD F. CAMPBELL. 


ABSTRACT, 

The Colquiri tin mine is at an elevation of 4,200 meters in the Central 
Andean Cordillera 148 km. southeast of La Paz. The region is one of 
high relief and is composed of slightly metamorphosed Devonian shales 
and sandstones cut by Tertiary dikes. The sedimentary rocks have been 
moderately folded and faulted. The mineralized area is one of doming 
in the sediments, with mineralization following steeply dipping normal 
faults of the gravity type. Cassiterite, the ore mineral, was one of the 
earliest minerals; it occurs in a gangue of fluorite, massive simple sul- 
phides, siderite, and serpentine. Most of the ore occurs as shoots in a 
large vein which has been explored for 3,000 meters along the strike. The 
vein branches downward and laterally, splitting accompanying changes in 
dip and strike ; tin deposition is directly related to the intensity of fractur- 
ing. Early minerals in the deposit were formed at high temperature, 
whereas later minerals formed at intermediate to low temperatures. Depo- 
sition occurred at moderate depth, and the deposit may be classified as 
lower intensity hypothermal. 


INTRODUCTION, 


General Outline of Bolivian Geography and Geology.'—From west to east 
Solivia is divided into four physiographic provinces: (1) Western Andes; 
(2) interior basins of the Altiplano; (3) Central and Eastern Andes; and (4) 
the eastern lowlands of the Beni and Chaco. 

The Western Andes constitute a natural frontier between Bolivia and the 
neighboring republics of Chile and Peru, and the watershed between the Pacific 
Ocean and the Altiplano. They are the result of Tertiary to Recent volcanic 
activity and form a high table land of ash and tuffs upon which cones have 
been built 

The Altiplano consists of a series of basins and alluvial plains with island- 
like groups of mountains composed chiefly of Paleozoic sediments and Tertiary 
volcanics projecting above the general level. It resembles the Great Basin 
country of Utah and Nevada. 

1 Federico Ahfeld, Los Yacimientos Minerales de Bolivia. Direccion General de Minas y 
Petroleos, Ministerio de Economia Nacional, La Paz, Bolivia, 1941. 
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In northern Bolivia the high cordillera on the eastern side of the Altiplano 
is narrow, and drops off sharply to the Beni Plains; here only the Central 
Cordillera is distinguished. This narrow section is about 200 km. long with 
its southern end at approximately 17° South Latitude; it is very rugged with 
many high peaks. Geologically it consists of Tertiary granitic stocks and 
batholiths intruded into folded Paleozoic sediments. 

Southward the Andean Cordillera east of the inter-Andean basin broadens 
considerably. The Eastern Cordillera may be distinguished as marginal 
mountain chains between the main Central Cordillera and the lowlands. Geo- 
logically the broad zone of the Central and Eastern Cordillera consists of 
folded sediments, for the most part Paleozoic, and Tertiary volcanics of inter- 
‘mediate to acid composition. Most of the igneous rocks occur as shallow seated 





15° 








\ 2054 




















a 








Fic. 1. Index map showing location of district. 


intrusives and flows. Andean folding was most intense in the Central Cor- 
dillera, with intensity of folding decreasing rather abruptly to the west and 
more gradually to the east through the Eastern Cordillera to the lowlands. 

Most of the Bolivian Paleozoic strata are shallow water marine deposits. 
Alternation of continental with marine conditions began in the late Paleozoic 
and continued with breaks through the Mesozoic. Tertiary deposits are 
continental and contain much material of volcanic origin. 

Location—The Colquiri district is located in the Central Cordillera just 
south of the narrow section at its northern end. Colquiri is 148 km. (92 miles) 
southeast of La Paz, the Bolivian capital, and 63 km. (39 miles) north of the 
City of Oruro (Fig. 1). 

It is reached by 58 km. of all-weather mountainous automobile road from 
Soledad, a station on the Antofagasta Bolivia Railroad 30 km. north of Oruro. 

History The Colquiri district was discovered during Spanish colonial 
times and was worked for silver (at shallow depths) intermittently until about 
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the beginning of the present century, when Bolivian tin became of economic 
interest. The oxidized ores were worked for tin, and deeper exploration 
suggested the presence of a sizeable tin deposit. The Hochschild organ- 
ization took over the operation of the property in the mid-thirties and rushed 
mine development and mill construction. The mill went into production in the 
later part of 1938 and by 1941 the property was one of the largest tin pro- 
ducers in Bolivia. . 

Scope of Work.—Field work for this report was done from December, 1940 
to June, 1941, while the writer was geologist for Cia. de Minas de Colquiri, a 
branch of Cia. Minera de Oruro. This work consisted of checking previous 
geologic mapping and bringing the geologic mapping up to date; previous 
geologic work was utilized. The laboratory work was done at the Univer- 
sity of Arizona during 1941-43 and the second semester of 1945-46. 

Acknowledgments ——The writer is indebted to the late W. V. DeCamp, 
then general manager of mines for Mauricio Hochschild, S. A. M. I., for 
permission to use the Colquiri Mine as a thesis problem and for permission to 
publish the general results of the study. The staff of Cia. de Minas de Col- 
quiri cooperated in work at the mine. Dr. B. S. Butler and Dr. M. N. Short 
of the Geology Department of the University of Arizona offered suggestions 
and guidance in the preparation. 


PHYSICAL CONDITIONS. 


Climate, Vegetation, and Water Supply—rThe climate is temperate and 
semi-arid. Because of the high altitude the weather is cool and the daily vari 
ation in temperature is great. Annual precipitation is about 10 inches, most 
of it coming in the summer months of November to April. The only vegeta- 
tion in the area is sparse coarse grass and moss (Fig. 2). Streams are inter 
mittent and water for the camp and mining operation must be pumped from a 
point about 8 km. farther down the canyon from the mine. 

Topography.—tThe district lies a few kilometers east of the watershed he- 
tween the Amazon drainage on the east and the interior drainage of the Alti- 
plano on the west. ‘The elevation of the district is from 4,000 to 4,450 meters 
and the area is one of steep slopes and high relief, with narrow V-shaped val- 
leys (Fig. 2). 


GENERAL GEOLOGY. 


Sedimentary Rocks—The region is composed of Paleozoic sedimentary 
rocks consisting of slightly metamorphosed shales, sandy shales, and sand 
stones. Since secondary cleavage is lacking, the more clayey beds are argil 
lites. The sandy beds have not been metamorphosed enough to be quartzites. 

All the sedimentary rocks are medium dark gray in color and weather to 
a lighter color. Bedding is from thin (about 8 cm.) to medium (40’cm.), the 
sandier the rock the thicker the beds. In hand specimen the argillite is blocky ; 
it shows fine banding parallel to the bedding, but has very little tendency to 
split along these bands. The banding is due to sandy layers up to 1 mm. thick 
and spaced up to 5 mm. apart. Under the microscope the argillite is seen to 














Fic, 2. Photographs of surface features: a. Part of outcrop of Colquiri vein; 
b. Colquiri Mine Camp; c. San Juanillo Mill. 
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consist of kaolin, quartz, and a little sericite. It shows banding caused by the 
concentration of the dark constituents; the darker bands have less quartz 
and more organic matter. The sandstone is fine grained but coarser than the 
sandy beds in the argillite. The proportion of sandstone seems to increase 


somewhat in going up the stratigraphic section. 

The age of these strata is uncertain because of the lack of fossils. They 
are thought to be Devonian because they resemble the rocks at Viacha,? 150 km. 
to the northwest, and Llallagua,* 115 km. to the south-southeast, the Devonian 
age of which has been reasonably well established. 

Igneous Rocks——The only igneous rocks known in the area are dikes, 
which are not numerous and are from less than 25 cm. to about 1.25 m. wide, 
and steeply dipping. In places they strike across the Main vein, in which the 
chief tin ore bodies of this district occur, at a fairly high angle; in other places 
vein mineralization appears to have come in along a dike. 

The dike rock is light gray and so highly altered hydrothermally that its 
original character is obscure. It is fine grained and gives a strong odor of 
clay when breathed upon. It has a few faint greenish spots and occasional 
small quartz phenocrysts, which have led some observers to call the dikes 
porphyry. It is very soft and breaks easily into more or less equidimensional 
blocks. Ahfeld* remarks that it might be a dacite. Under the microscope 
the rock is seen to consist of very fine grained kaolin, chlorite, quartz, and seri- 
cite, with a few larger quartz grains. The alteration products, kaolin, chlorite, 
and sericite, are those which would be expected to form by hydrothermal al- 
teration of a rock of intermediate to basic composition. Some suggestion of 
the original texture is preserved in the form of lath-shaped areas of kaolin and 
sericite which have the same arrangement as the plagioclase feldspar of a dia- 
base. This texture, together with the alteration products, suggests that the 
rock may be an altered diabase. 

Granodiorite intrusive rocks are common in the Quimsa Cruz Range, north- 
west of the mine. Since Colquiri lies on the extension of the axial zone of 
these granodioritic intrusives, it is possible that the deposit may be nearer 
to underlying plutonic rocks than would appear at first glance. 

The igneous activity with which the dikes and the mineralization of the 
district are associated took place during the Tertiary; it is assigned to the 
Miocene or Pliocene.” * 


STRUCTURE. 


Folding.—The sedimentary rocks of the region have been folded along 
northwesterly trending axes. In general the folds are open and the beds have 
only a moderately steep dip. But toward the center of the structure where 
stratigraphically lower horizons are exposed, some of the main anticlines show 
close folding with contorted beds and, in some places, overturning. The axis 
of a closely folded anticline is crossed about 2.5 km. southeast of the mine 

2W. Lindgren and A. C. Abbott, The silver-tin deposits of Oruro, Bolivia. Econ. Grot 
6: 453-479, 1931 

F. R. Koeberlin, Private Report to Cia. Minera de Llallagua, Oruro, Bolivia, 1919. 


4E. W. Berry, Fossil plants from Bolivia and their bearing upon the age of uplift of the 
eastern Andes, Proc. U. S. Nat. Museum, 54: 103-164, 1917. 
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camp. Most of the folds are more or less plunging, causing higher strati 
graphic horizons to wrap around the nose of domed areas. In the immediate 
mine area the plunge of the main fold axes is to the northwest. The mineral 
ized area is one of doming in the sediments. Within the major folds are 
minor superimposed flexures. Fig. 3 is a generalized cross section of the 
district. 
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Fic. 3. Generalized section across Colquiri District. 


The main deposit lies in a synclinal area of rather gently dipping beds be- 
tween the closely folded anticline to the southeast (mentioned above) and the 
Colquiri Canyon anticline. The general strike of the beds in the mine area 
is northwesterly, with dips to the northeast of usually less than 30°. Minor 
local warps are superimposed upon this general attitude. Only the attitude of 
the beds at some distance from the vein zone is uniform; dips and strikes near 
the vein are very erratic due to the influence of faulting. 

Faulting.—The faulting in the area may be divided into pre-mineral and 
post-mineral. 

Pre-mineral faulting is of two types: that which occurred in conjunction 
with the folding of the sedimentary beds; and normal faulting of gravity type 
caused by differential subsidence of the area. Faults that were formed as the 
direct result of folding are common tn the axial part of the anticlines and tend 
to strike nearly parallel to the strike of the beds. Both normal and reverse 
types of small displacement were observed, and the presence of large bedding 
faults in zones of closely folded beds is suspected. Some faults of this group. 
especially the normal ones, may have been caused by differential subsidence, 
and formed after folding. 


The most significant pre-mineral faults are those now occupied by veins. 
rhese strike nearly normal to the general strike of the bedding in the area 
and are steeply dipping. The amount of movement along these faults cannot 
he determined because of the lack of suitable markers, but it must have been 
considerable as indicated by the extent and persistence of the fractures. The 
fracture occupied by the Main Colquiri vein shows a tendency to flatten at 
depth, pinch out to the south, and split up to the north as the Colquiri anti- 
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cline is approached. In Colquiri Canyon, north-northeast of the Main vein, 
veins are numerous but small; here movement appears to have been taken up 
by several small faults rather than by one large one. This feature probably 
bears some relationship to the nearness to a main anticlinal axis. With the 
possible exception of bedding faults along anticlines, the pre-mineral normal 
faults which were mineralized are the largest. 

Post-mineral faulting consists of steeply dipping faults crossing and off- 
setting the vein, and of renewed movement along the fractures occupied by the 
vein. Slickensides on fault surfaces of both these types are always more or 
less in the direction of the dip.® 
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ic. 4. Generalized map of Doble Ancho Level 


The cross faults are numerous near the ends of the Main vein zone (Fig. 
+). Their general dip is northward, and their downthrow side is usually the 
one toward the central part of the Main vein. For this reason most of those 
at the south end of the Main vein are normal, and those at the north end re- 
verse. The largest cross fault observed, the Anita, has a dip slip displace- 
ment of 40 m. to 45 m., which offsets the vein 16 m. horizontally on the In- 
calacaya Level. Displacement of the vein along other cross faults is smaller. 

Probably the greatest amount of post-mineral faulting movement occurred 
along the Main vein itself; this is suggested by the crushing of certain vein 


H. J. DeWijs, Report on the geology of the Colquiri Tin Mines, Privat 


Report to Cia. 
Minera de Oruro, 1940 
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material, and the presence of gouge along the walls and at some places within 
the vein. The post-mineral faulting is attributed to a continuation (or re 
newal) of the same stresses which provided fractures for mineralization. At 
least some of the post-mineral faults were initiated before mineralization 
ceased as shown by the presence of minor amounts of late stage minerals along 
them. 

The large pre-mineral normal faults and the smaller post-mineral faults are 
apparently the result of shearing stresses set up by subsidence, common in 
the later stages of magmatic activity, and perhaps caused by contraction due 
to crystallization of the magma. The details of this system of fractures might 
he reasonably explained by postulating differential settling along the Main 
vein fracture, with the greatest movement in the central part. The cross faults. 
in the main post-mineral, which occur near the ends of the main fracture sys 
tem, would be adjustments to stresses set up by the differential movement. 
The fact that the downthrow side of the cross faults is generally the side to 
ward the central part of the main fracture seems to support this. Why the 
cross faults at the north end dip away from the central part and are, therefore, 
reverse and why some of them are normal is not apparent. 


MINERALOGY. 


The following minerals occur in the Colquiri Mine (essential minerals are 


in italics) : 
Sulphides Carbonates 


Galena Sideriti 
Sphali rit 


Pyrrhotiti + Silicates 


Chalcopyrit Popaz 
Pyrite Pourmaline 
Varcasit Sericite 
\rsenopyrite Biotite 
stannite Serpentine 


Fluorid Kaolin 
iit) M¢ ‘ 


Iluorit Phosphates 


Gearksutite Vivianite (found o1 


dumps ) 
Oxides Sul phat s 


( 1 . | 
(Quartz : Selenite (found on dumps ) 
Magnetite 
Cassiteriti 


Limonit 


* Not observed by writer They are mentioned by Oroza® and DeWijs5 who state that 
they are closely associated with the cassiterite 
6 Carlos Oroza Ferreira, La Mina de Estano de Colquiri, Bolivia \ thesis submitted t 


the faculty of the Oruro, Bolivia, School of Mines in partial fulfillment of the requirements 


for the degree of Engineer of Mines, 1938 
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Che order of formation of the hypogene minerals may be shown graphically 
as follows: 


I. Early Stage Minerals 

(a) Cassiterite-Fluorite Group 
Biotite 
Cassiterite -—— 
Fluorite 
| Opaz ?—? 
Tourmaline ?—? 

(b) Massive Sulphide Group 
Pyrrhotite = 
Arsenopyrite f ? 
Py rite — — 
Quartz - 
Stannite 
( halcopyrite - 
Sphalerite 
Galena 

II Late Stage Miner: 

Siderite 
Magnetite 
Sericite 
Serpentine 
Py rite 
Marcasite 
Gearksutite 
Kaolin 


f 


The first minerals to be deposited, those of the cassiterite-fluorite group, 
are high temperature oxides, fluorides, and silicates. They were deposited 
chiefly as fillings in the original fractures. The earliest members of the 
massive sulphide group are also generally considered as high temperature 
minerals, while later members indicate decreasing temperatures. The dep- 
osition of the first members of the group overlapped the deposition of the 
cassiterite-fluorite group; pyrrhotite, especially, is closely associated with 
cassiterite and fluorite. The massive sulphide group was deposited chiefly 
by replacement of wall rock and fluorite, and later members replaced earlier 
members of the same group. 

After the deposition of the early stage minerals, there was a marked renewal 
of movement along the véin fractures causing reopening with crushing and 
brecciation of earlier minerals. This movement continued at intervals during 
the deposition of the late stage minerals so that the resulting material is con- 
spicuously banded. Both filling and replacement were important in the 
deposition of this group of minerals. Taken as a group the late stage minerals 
have a much lower temperature of formation than the early stage ones. 

Biotite is of interest because of its unusual resemblance to chlorite. It is 
green and fine grained and largely occurs coating the walls of the cassiterite- 
bearing stringers (Fig. 5a). 

Cassiterite, the only ore mineral of the deposit, occurs as euhedral and 
subhedral dark brown to honey-colored crystals up to 1 cm. long; larger 


crystals are occasionally seen (Fig. 5, b, c). The crystals are zoned and 
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Fic. 5. Photomicrographs of thin sections. a. Green biotite ( Bt.) rim around 
argillite fragment (dark); this area is surrounded by siderite (light). Crossed 
nicols. b. Cassiterite crystal (high relief) veined by fluorite; serpentine (gray, low 
relief) replacing fluorite. Plain light. c. Sericite rims (light) around cassiterite 
(Cas.) crystals. The interstitial mineral is siderite (Sd.). Crossed nicols. 4d. 
Fluorite replaced by spherulitic sericite- (light). Crossed nicols. e. Banded sid- 
erite (light), magnetite (dark), and serpentine (Sp.). Plain light. f. Gearksutite 
(white) and siderite (gray) veining sulphides. Plain light. 
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Fic. 6. Photomicrographs of polished sections. a. Pyrite (light) veining cas- 
siterite (gray, high relief) and replaced by siderite. b. Pyrite (Py.) replaced by 
marcasite (light); siderite (gray) associated with the marcasite. c. Sphalerite 
(Sl.) with needles of marcasite (light) and associated siderite (gray). d. Galena 
(light) replaced along cleavage by marcasite (Mr.) and siderite (Sd). e. Inter- 
growth of magnetite (light) and siderite. f. Magnetite-siderite intergrowth vein- 
ing pyrite (light, high relief). 
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intergrown. It occurs along walls of the Main vein branches, in stringers 
along the footwall or hanging wall of the Main vein, and in areas with massive 
vein minerals. It is usually associated with fluorite (Fig. 5d) and pyrrhotite. 
Cassiterite areas are cut by stringers of siderite and serpentine. Because of its 
high specific gravity (7) cassiterite is amenable to gravity concentration, and 
the milling process is based on this principle. The impurities in the gravity 
concentrates are sulphides, which have specific gravities intermediate between 
cassiterite and non-metallic vein minerals and wall rock. The gravity con- 
centrates are cleaned of sulphides by flotation. 

The run of mine ore is approximately 33 per cent sulphides, with the iron 
sulphides, pyrite, pyrrhotite, and marcasite constituting about 28.5 per cent. 
Pyrrhotite was the earliest sulphide to be deposited. Pyrite (Fig. 6, a, b) is 
the most abundant metallic mineral and sulphide in the deposit. Much of the 
pyrite replaced pyrrhotite, as is shown by the presence of pyrrhotite remnants 
in the pyrite. Minor late stage pyrite occurs as bands in siderite. Marcasite 
is very abundant and occurs: (1) closely associated with early stage pyrite, 
around crystals of which it forms alteration rims (Fig. 6b) ; (2) with siderite, 
in which it often occurs as bladed crystals; and (3) selectively replacing ser- 
pentine, in areas in which it occurs as bladed crystals associated with siderite. 

In addition. to the iron sulphides, the only other sulphide minerals present 
in appreciable amounts are sphalerite—see Fig. 6c—(approximately 2.8 per 
cent) and chalcopyrite (approximately 1.2 per cent). 

Galena (Fig. 6d) is present in small amounts (less than 0.5 per cent) ; it 
is of interest as the source of the silver in the primary ore. A sample of pure 
galena from the Doble Ancho Level assayed 185.7 ounces of silver per short 
ton. 

Siderite is the most abundant non-metallic mineral in the deposit. Much 
of it shows banded structure attributed to‘deposition by filling (Fig. 5e). 

Magnetite occurs in minor amounts intimately intergrown with siderite 
(Fig. 6e). Veinlets of magnetite and siderite are commonly observed cutting 
across pyrite and other earlier minerals (Fig. 6f). The siderite with which 
the magnetite is associated probably formed earlier than the bulk of the 
siderite. The presence of magnetite with late stage minerals seems to indicate 
a change in the composition or a rise in temperature of the mineralizing 
solutions. This is probably related in some way to the reopening of the veins. 

Serpentine was deposited in cracks in the earlier minerals. Like siderite 
it is concentrated in areas of the brittle minerals, cassiterite and fluorite, and 
much of it shows banded structure. 

A mineral, identified as gearksutite (CaF,:Al(F,OH),H,O) by J. J. 
Fahey of the U.S. Geological Survey, is present in small quantities. It occurs 
as white bands (up to 10 cm. wide) in the center of the vein on top of banded 
siderite and serpentine, and fills cracks in earlier minerals (Fig. 5f). It 
differs from the published description * in hardness and specific gravity. In 
the above reference the hardness of gearksutite is given as 2 and the specific 
gravity as 2.75. The writer’s sample had a hardness of 3 to 3.5. The 
specific gravity was determined by Fahey as 2.55, and by the writer as 2.58. 


7 E. S. Dana and W. E. Ford, A Text-book of Mineralogy, 1932, p. 469. 
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ORE DEPOSITS. 
Colquiri Mine. 


The main Colquiri Mine had been the only active mine in the district 
for about 7 years prior to the time the field work was done. The workings 
of this mine are those on the Main vein. Topographic and geologic condi- 
tions were such that development of much of the deposit by adits was possible. 
The strike of the vein is approximately parallel to the general trend of the con- 
tours, but the dip of the vein is opposite to that of the surface. The vein zone 
had been explored over a distance of 3,000 m., and in the Colquiri Mine the 
vein is strong and continuous for 1,500 m. along the strike (Fig. 7). 

Along the northern extension of the Main vein, in Colquiri Canyon, there 
are numerous smaller veins, few of which have been extensively worked. 


O.wxidised Ores. 


The oxidized zone was first worked for silver. With the start of tin 
mining the ores of this zone were preferred because they were easier to mine 
and treat than the deeper and harder primary ores. However, the oxides 
were soon exhausted and at present all the ore being mined is primary. 

Oxidation in the district is shallow because of the relatively rapid rate of 
erosion. The maximum depth observed was about 50 m. near the south end 
of the Main vein. The minimum depth observed was less than 10 m. in some 
of the smaller veins on the south side of Colquiri Canyon. The depth of oxi- 
dation varies inversely as the steepness of the slopes on which the veins crop 
out. The lower limit of oxidation in the vein seems to parallel the surface at 
an average depth of about 25 m.; it is deeper under the higher and more gently 
sloping parts of the outcrop area than in gulches and on steep slopes. 

The oxidized ores are reddish to yellowish brown limonitic material in 
which cassiterite is present as residual grains. 

At some places in the gullies below the southcentral part of the Main vein 
outcrop, a veneer of mineralized breccia up to several meters thick covers size- 
able areas. It consists of fragments of oxidized vein material, sandstone, and 
argillite cemented by limonite. 


Primary Ores. 


Tin, occurring in cassiterite, is the only metal recovered from the primary 
ores. A very small amount of tin (approximately 0.1 per cent) is present in 
the mineral stannite and is not recovered. 

The ore is dark gray in color due to the included argillite ; closer inspection 
shows sulphides to be abundant. Cassiterite is visible in the larger fragments. 
The soft brittle non-metallic vein minerals occur as fines. 

Vein Structure.—In its central part the Main vein strikes N. 33° I. (nearly 
at right angles to the strike of the enclosing sedimentary rocks) ; its average 
dip in the upper 200 meters is approximately 63° northwesterly. Deeper, 
in general below the 100 level, the dip of the vein flattens to 45° to 55 
there is some suggestion that the flattening might be related to a decrease in 
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the proportion of sandy beds in the argillite. Northward along the strike 
from its central part the dip flattens and the general strike swings westward} 
in places as much as 15°, as a result of the flattening of the dip; the average 
dip is about 55°, with the dip between the outcrop and the lowest developed 
levels remaining fairly constant. Southward from its central part, especially 
on the footwall side of the Anita Fault, the strike swings slightly (5° to 10°) 
eastward as a result of a slight steepening of the dip. Fig. 4 shows the vein 
pattern on a typical level. 

Downward the vein splits, branches taking off from the footwall side where 
the dip flattens. In plan the vein splits northward, but the relation of splitting 
to changes in strike is not so marked as its relation to changes in dip. De- 
Wijs° observes that this structural change in the north is coincident with an 
increase in the proportion of sandstone beds. South of the Anita Fault on the 
Doble Ancho and Chojna levels there is some splitting up of the vein, but mine 
openings are not extensive enough to determine its extent and character. . To 
the south the vein dies out by gradual pinching. To the north it dies out by 
splitting up, with individual branches narrowing and disappearing ; the frac- 
tures do not appear to continue much beyond the point where the mineraliza- 
tion dies out. Why the vein should die out at one end by splitting and at the 
other by pinching is not understood. Fig. 8 is a typical cross section of the 
vein in its central part. Fig. 9 is a cross section of the vein to the northward 
where it has split. 

_ The width of the vein where simple varies from 5 m. to 20 m., with an 
average of about 10 m. At the northern end of the mine where the vein has 
branched, the vein zone is up to 100 m. wide, and consists of three well defined 
branches, with several additional ones locally developed. Individual branches 
vary from 2 m. to 12 m. wide and are separated by from 3 m. to 50 m. of wall 
rock, which in some places is more or less mineralized. Extreme footwall and 
hanging wall branches tend to be much narrower than intermediate branches. 

The following generalizations may be drawn: 

(1) The pattern of the vein down the dip may be predicted from its pattern 
along the strike. 

(2) Branching accompanied changes in dip and strike. 

Vein Texture and Mineral Arrangement.—Within the vein banding is the 
most conspicuous feature ; it is characteristic of the late stage minerals. Coarse 
banding is caused by bands of late stage minerals up to several meters wide 
which occur alongside of and within areas of massive early stage minerals. 
The most common place for such bands is along the hanging wall of a vein 
branch, but there are places where they occur along the footwall or within a 
vein ; in a few cases the entire vein may be composed of late stage minerals and 
be completely barren of tin. Finer banding is caused by variations in the pro- 
portion of component minerals (for example the banded structure of the 
siderite-magnetite mixture, Fig. 5e), variations in the color and texture of a 
single mineral (for example, siderite), and alternating layers of different 
minerals. 

Another common textural feature of the vein is the brecciation of early 
stage minerals and their cementation by late stage minerals. Practically no 
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Generalized cross-section along line B—B’. 
where it is compound and branching. 


This section shows the vein 
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masses of cassiterite and fluorite can be found that are not crisscrossed by 
siderite and (or) serpentine veinlets. Areas in which partially replaced frag- 
ments of early stage minerals (pyrite, fluorite, etc.) occur in a groundmass of 
serpentine, marcasite, and siderite represent the more extreme development of 
this process. 

Some of the pyrite of the deposit occurs as compact nodules with concentric 
structure in a groundmass of porous sooty pyrite. In some places nearly the 
entire volume of a vein branch may be composed of this material plus a little 
cassiterite. 

Distribution of Tin. 


There is a direct relationship between high tin content and intensity of 
fracturing. Cassiterite was deposited along early fractures chiefly by filling ; 
the most favorable place for its deposition was in areas of lateral or vertical 
branching in the vein. Since cassiterite was deposited by filling, the total 
number of open and connected (accessible) fractures in a given area was a 
prime factor in determining the amount of cassiterite deposited. A single 
vein, even though wide, contains less tin than several parallel veins, even 
though small. 

There is a low grade area in the central upper part of the Main vein where 
it is simple and regular. Relief of the fracturing stresses here was concen- 
trated along a single break and must have caused the formation of a consider- 
able amount of gouge which prevented access of early tin-depositing solutions. 
Where the fracturing stresses were relieved by the formation of several breaks, 
gouge formation was less likely in any one place; the fractures were therefore 
cleaner and more accessible and are the locus of important cassiterite deposi- 
tion. Other things being equal, steeper fractures appear to have been more 
accessible to tin-depositing solutions than flatter ones, and the footwall side 
of the vein zone more accessible than the hanging wall side; however, there 
are exceptions to this generalization. 

Mineral associations can be used within limits as a guide in prospecting for 
cassiterite. In general cassiterite occurs in close association with other early 
stage minerals, especially fluorite and pyrrhotite. Any vein or part of vein in 
which fluorite and pyrrhotite are abundant should be closely examined for 
cassiterite. 

Guides for Exploration and Development.—( Summary ) 

(1) Areas in which vein branching occurs are more favorable than else- 
where; these are found where there are changes in dip or strike of the Main 
vein. 

(2) Fluorite and pyrrhotite are good guides to cassiterite. 

Location and Size of Ore Bodies—Or bodies are most commonly along 
vein walls. In places the entire vein may be mineable, in other places only 
a streak along one or both walls. The footwall is a slightly more favorable 
location for good ore than the hanging wall. 

Some ore bodies are up to 8 m. wide and extend for as much as 150 m. 
horizontally and nearly as much vertically. Some have low grade areas in 
them, and others are comparatively small bodies of mineable material within 
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areas too low grade to work. In many places several ore bodies are so lo- 
cated as to fall one behind another in longitudinal projection; this is especi- 
ally common in parts of the mine where there are numerous branches in the 
vein zone. 

In many places along the footwall of the vein zone, and in some places in 
the footwall at some distance from the vein, there are thin stringers of cassiter- 
ite and fluorite with little or no sulphides ; some of these are numerous enough 
to be mineable. 


Origin. 


General Character of Deposit—Geographically the Colquiri district is 
situated between areas characterized by distinct types of Late Tertiary tin 
deposits ; the normal hypothermal tin veins of the Quimsa Cruz Range to the 
north, and the complex (mesothermal) tin-silver veins of central Bolivia to 
the south ; Colquiri more nearly approaches the normal hypothermal type both 
geographically and geologically. 

The Colquiri deposit is characterized by cassiterite and fluorite with abun- 
dant simple sulphides, and abundant late stage minerals (siderite and serpen- 
tine). Quartz and tourmaline are rare; wolframite is absent from the main 
deposit, although sparingly present in the district. Wall rock alteration is not 
intense. Both filling and replacement were important in vein formation. The 
deposit differs from the hypothermal veins of the Quimsa Cruz region in 
abundance of sulphides, absence or small amount of quartz, tourmaline, and 
wolframite, less wall rock alteration, and in showing no close areal relation to 
granodiorite intrusives. 

Source of Mincralising Solutions—Mineralizing solutions were undoubt- 
edly of magmatic origin. The location of the district on the southeastward 
axial extension of the Quimsa Cruz intrusive belt suggests that the solutions 
may be genetically related to similar intrusives. 

Nature of Mineralizing Solutions—In his discussion of the bearing of 
fumarolic incrustations on ore deposition, Zeis* observes that hydrogen sul- 
phide, sulphur, and steam react at elevated temperatures in the following 
manner : 


H.S + 2H,O 2 SO, + 3H, 
38 +2H,0 2 SO, +2H,S 


He states that as the temperature falls, these equilibria are displaced from right 
to left. The above reactions show that at high temperature sulphur would be 
present in the oxidized condition, and not as hydrogen sulphide. In a study 
of the fumaroles of the Katmai Region, Allen and Zeis ® found that hydrogen 
sulphide and sulphur are most likely to be associated with steam escaping 

8 E. G. Zies, The Valley of Ten Thousand Smokes, National Geographic Society, Contrib- 
uted Technical Papers, vol. 1, Katmai Series, No. 4, 1929, p. 12. 

9E,. T. Allen and E. G. Zies, A chemical study of the fumaroles of the Katmai Region, 


National Geographic Society, Contributed Technical Papers, vol. 1, Katmai Series, No. 2 
1923, pp. 75-155. 
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from relatively low temperature vents (100° — 200°C.). This suggests that 
hydrogen sulphide is not stable at temperatures much in excess of 200°C. 

Early Stage solutions contained abundant Sn, F, and Ca, in addition to the 
metals Fe, Zn, Cu, and Pb. Iron deposition was low at first, as no magnetite 
(or similar mineral) was deposited, but it had increased when sulphide de- 
position began. The solutions which deposited the mica, cassiterite, and 
fluorite were oxidizing for the metals and for sulphur, and were probably acid; 
they were above the temperature at which sulphur could exist as hydrogen 
sulphide. With falling temperature hydrogen sulphide was generated and the 
precipitation of Fe, Zn, Sn, Cu, and Pb as sulphides commenced ; precipitation 
of the later sulphides was in part by replacement of earlier sulphides. At this 
stage the solutions were reducing for the metals, and were probably alkaline. 

Late Stage.—With the beginning of late stage mineralization the composi- 
tion of the solutions had changed ; the principal changes were the depletion of 
the metals, Sn, Cu, Zn, and Pb, and of fluorine and marked increase in the 
amount of CO,. Minor changes were an increase in the amount of Mg ‘and 
SiO, and a possible decrease in the amount of Ca. The presence of CO, ap- 
pears to have been an important factor in temporarily bringing about the re- 
turn of oxidizing conditions for iron (shown by the presence of magnetite 
associated with early siderite). But in the main conditions were probably re- 
ducing for the metals, and the solutions were probably alkaline. However, the 
deposition of abundant marcasite suggests that the alkalinity was decreasing, 
and the presence of the very late fluorine-bearing mineral (gearksutite) in- 
dicates that end stage solutions were acid. 

Temperature of Formation of Deposit—The temperature of formation of 
any mineral deposit is best indicated by the mineral assemblage contained. 
The Colquiri minerals indicate that early mineralization took place in the 
hypothermal temperature range, and that [ater mineralization took place in 
the mesothermal temperature range. The cassiterite-fuorite-biotite assem- 
blage is indicative of high temperature, or in excess of 200°C. During the 
high temperature stage of mineralization, minerals deposited were oxides, 
fluorides, and silicates ; iron was present in the ferric state. 

The remainder of the minerals in the deposit indicate decreasing tempera- 
ture. The group of simple sulphides (pyrrhotite, arsenopyrite, pyrite, chal- 
copyrite, stannite, sphalerite, and galena) were probably deposited below 200 
C. The logical division between hypothermal and mesothermal temperature 
ranges would seem to be between the oxide-fluoride-silicate mineral assemblage 
and the simple sulphide assemblage. 

The deposition of magnetite early in the late stage of mineralization might 
indicate an increase in the temperature of the mineralizing solutions. It 
might also be due wholly or in part to the abundance of CO, in the solutions 
which temporarily brought about oxidizing conditions, probably in accord 
with the following reaction : 


+ FeO + 2 CO, > FeO: Fe.O, + FeCO, + CO 


Depth of Formation of Deposit—The depth at which the deposit formed 
is best indicated by the texture of the minerals and the structure of the vein. 
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The minerals are fairly coarse grained, thus indicating constant conditions of 
deposition such as would be expected at considerable depth. The distribution 
of the cassiterite and fluorite suggests that filling was important at the time of 
their deposition. Replacement became increasingly important during simple 
(massive) sulphide deposition. Banding of late stage minerals indicates that 
filling again became important during the late stage mineralization. 

The structure of the vein suggests fracturing at intermediate depth. The 
fracturing definitely took place in the zone of brecciation where an increase of 
volume was possible and open spaces could exist, even though the rock is not 
particularly competent. There is little or no development of sheeting along the 
fractures, or an echelon arrangement of individual fractures. The upward 
branching and more intense shattering characteristic in near-surface deposits 
are not apparent, and there was a good deal of gouge formed. 

The region is one of high relief and rapid erosion ; this suggests removal of 
considerable cover. 

In view of the above evidence, an estimate of 6,000 ft. to 10,000 ft. as the 
depth of formation of the deposit seems reasonable. 

Classification of Deposit—The Colquiri deposit was formed at high to 
intermediate temperature at moderate depth. It might be classified as lower 
intensity hypothermal. 

UNIVERSITY OF ARIZONA, 


Tucson, ARIZONA, 
July 12, 1946. 





COBALT MINERALIZATION IN THE BLACKBIRD DISTRICT 
LEMHI COUNTY, IDAHO. 


\LFRED L. ANDERSON. 


ABSTRACT. 


Che cobalt mineralization in the Blackbird district of Lemhi County, 
Idaho, probably the most extensive mineralization of its kind in the United 
States, is confined to irregular and discontinuous veins and lodes along 
zones of fractured and schistose quartzite belonging to the Belt series 
( pre-Cambrian ) These lodes are represented by (1) zones of cobaltit 
impregnated tourmalinized quartzite ( cobalt-tourmaline lodes) ; (2) zones 
ot cobaltite impregnated hbiotitized quartzite ( cobalt-biotite lodes ) : (3) 
bodies of cobaltite-containing quartz in zones of cobaltite-impregnated 
biotitized quartzite (cobalt-quartz lodes); and (4) stringers and lenses 
of quartz and such ore minerals as cobaltite, native silver, chalcopyrite, 
gold, and electrum in zones of cobaltite-impregnated biotitized quartzite 
( gold-copper-cobalt lodes ). 

These lodes are the products of three stages of mineralization: (1) 
an early cobalt stage during which biotite, tourmaline, and cobaltite were 
formed, (2) a coppel cobalt tage during which biotite, quartz, cobaltite, 
arsenopyrite, pyrite, pyrrhotite, native silver, chalcopyrite, siderite and 
other minerals were deposited, and (3) a gold-electrum stage during 
which scant amounts of these minerals and quartz were deposited. The 
differences that exist among the lodes depend largely on the variations in 
the amounts and kinds of minerals added during each 
tion. All lodes show marked effects of the first sta: 


stage of mineraliza- 
of mineralization ; 
the cobalt-quartz and the gold-copper-cobalt, also the effects of the second 
stage; and the gold coppe! cobalt lodes, mild effects of the third. 

Che mineralizing solutions apparently had their source in early Tertiary 
magma which also provided the substance for accompanying bodies of 
gabbro and lamprophyre. Lode schistosity, which developed concom 
itantly with the mineralization, indicates deposition along zones of 
deepseated shearing under intense stress conditions. Mineral associations 
suggest relatively high temperatures, particularly when cobaltite was de- 
posited. The early-stage solutions apparently carried the cobalt direct 
from its magmatic source, but the cobalt contained in the second-stage 
solutions was probably obtained by solution of the earlier-deposited 
cobaltite 








INTRODUCTION 


PROBABLY the most noteworthy cobalt deposits in the United States are located 
in the Blackbird district in the Salmon River Mountains of west-central 
Lemhi County, Idaho. Little generally is known about these deposits, al 
though they were once briefly described by Umpleby* and later by Hess ? 
but, as there was no available market for the cobalt, attention was directed 
to the district's copper and gold. Because of aroused interest in cobalt on 


1 Umpleby, J. B The geology and ore deposits of Lemhi County, Idaho { S. Geol 
Survey Bull. 528, pp. 71-73, 159-165, 1913 
> Hess, F. I Cohalt U. S. Geol. Survey Mineral Resources, Part I, pp. 899-901, 1917 
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our entrance into World War II, the writer was called upon to examine these 
deposits for the Idaho Bureau of Mines and Geology and spent a week in 
July 1942 in reconnaissance study, later preparing a preliminary report * 
dealing largely with the distribution and geologic occurrence of the deposits. 
This report pointed out that the district probably contained the most extensive 
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reserves of cobalt in the United States and could well become an important 
source of that metal. Soon after the writer left the district the U. S. Bureau 
of Mines undertook to explore these deposits by trenching and diamond 
drilling, and later the Howe Sound Mining Co. acquired control of most of 
the claims in the district and began to prepare for post-war operation. 


Anderson, A. I \ preliminary report on the cobalt deposits in the Blackbird district, 
Lemhi County, Idaho, Idaho Bur. Mines and Geology Pamph. 61, 34 pp., 1943 




























































24 ALFRED L. ANDERSON. 


The writer’s preliminary report was made without the benefit of labora- 
tory study and therefore contained incomplete data on the mineralogic char 
acteristics of the deposits. Subsequently the ore collections were subjected 
to microscopic scrutiny with revelation of some exceptional mineral associa- 
tions and relationships, deemed worthy of special presentation. 

In some of the deposits the cobalt is the only metal, in others it is accom- 
panied by copper and gold, which have been the source of the district’s gold- 
copper production. Those with copper and gold have had a more compli- 
cated origin than the others and to distinguish them from the simple cobalt 
lodes they are referred to as the gold-copper-cobalt lodes. In the simple 
lodes the cobalt is intimately associated with tourmaline or with biotite, in 
the more complex with quartz or with minerals of the copper group. <Ac- 
tually the cobalt is present in two generations, the second being an important 
component of the complex lodes. This younger cobalt shows that ever- 
peculiar association with native silver, but the silver content of the ore is 
low, not over 0.5 ounce per ton. Nickel also occurs with the cobalt but the 
proportion of nickel is so low (0.03 per cent) as to discourage any attempt 
at separation and recovery. The nickel is contained in the cobalt mineral, 
cobaltite, which appears to be the only source of the negligible amounts of 
nickel known to exist in the ore. A little lead and zine are also found in 
some of the complex lodes, but the amount apparently does not exceed 0.04 
per cent of the ore in either metal. 

The deposits are numerous and are mostly concentrated in a belt about 





10 miles long and 4 miles wide extending in a northerly direction across the 
West Fork of Blackbird Creek to and beyorid Panther Creek (Fig. 1). } 
Those shown on the map probably represent only a part of the deposits 
ultimately to be found, for only those in the southern part of the district 
have imposing, easily discovered outcrops. In the aggregate the lodes con 
tain reserves of cobalt that should prove to be larger than any known to occur 
elsewhere in the United States. 


STRATIGRAPHITIC FEATURES. 


The deposits lie along complex zones of shearing and fracturing in more 
or less metamorphosed strata of the Belt series (pre-Cambrian). These 
strata apparently owe much of their metamorphism to escaping emanations 
from the Idaho batholith (Cretaceous) which is exposed along Panther Creek 
in the northern part of the district. More closely associated with the deposits 
are small intrusive masses of gabbro, silicic porphyry, and lamprophyre, prob 
ably products of early Tertiary igneous activity. 

Vetesedimentary Rocks—Originally the Belt strata consisted largely of 
somewhat impure sandstone with intercalated argillaceous layers, but they 
have since been changed to micaceous quartzites and schists, the degree of 
metamorphism showing a marked increase from south to north toward the 
margin of the Idaho batholith. In the south part of the district and par- 
ticularly along lower Blackbird Creek and its main branch, West Fork, the 
rock is a very fine-grained, gray to black, thin-bedded quartzite which con 
tains some interbedded dark green schist. The quartzite is somewhat mica } 
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ceous but the mineral grains are so small that, except for the minute grains 
of black mica which give the rock its dark color, they are not clearly distin- 
guishable without the microscope. The minerals other than quartz and 
biotite include variable but generally small quantities of muscovite and zoisite 
and scattered crystals of zircon. Toward the north the rock becomes coarser 
grained and more distinctly micaceous and consists of alternating beds of 
quartzite, schist, and gneiss, each from a few feet to 100 feet or more thick. 
Close to the batholith some of the schist contains conspicuous crystals of 
garnet and chiastolite. 

Igneous Rocks.—The rock of the Idaho batholith is strikingly porphyritic 
just north of the district carrying numerous potash feldspar phenocrysts as 
much as 2 inches and in some places as much as 8 inches long embedded in 
what otherwise would be a fairly coarse-grained granular rock composed of 
quartz, biotite, plagioclase, orthoclase or microcline, and the usual minor 
accessories such as zircon, apatite, and magnetite. Its composition may 
range from quartz monzonite to granite depending on the abundance of the 
phenocrysts which were formed in the rock during late stages of its con- 
solidation.* 

The gabbroic bodies, which are most numerous in the central, more highly 
mineralized part of the district, are composed of a medium-grained, dark-gray 
rock made up of pyroxenes, hornblende, biotite, and plagioclase with acces- 
sory pyrite, pyrrhotite, sphene, and apatite.° The porphyries were not ex- 
amined critically but they occur in the vicinity of the gabbroic bodies. The 
lamprophyric bodies are also most noticeable in the central part of the district. 
They form dikes a few feet thick composed of a fine-grained, dark-gray rock 
made up of biotite and orthoclase and subordinate hornblende and plagioclase, 
having the composition of minette.® 

The Idaho batholith apparently has had nothing to do with the mineraliza- 
tion, but the gabbroic bodies have been somewhat altered by the mineralizing 
solutions and the lamprophyric dikes cut some of the lodes. The gabbroic 
rock is apparently similar to the pyroxene-hornblende-biotite-plagioclase rock 
at Pearl-Horseshoe Bend‘ and Boise Basin * and may likewise have been 
intruded in early Tertiary time. The intrusion of the gabbro, the formation 
of the lodes, and the injection of the lamprophyric dikes probably were closely 
related events. 

STRUCTURAL FEATURES. 

The Belt strata have been deformed by folding and have been broken by 
joints and faults, but the short time spent in the district did not permit a 
satisfactory study of the structural features. The beds strike about N. 60 
80° E. and dip 30°-60° NW. and may comprise the south limb of a broad 

1 Anderson, A. L.: Endomorphism of the Idaho batholith. Bull. Geol. Soc. Amer., vol. 53, 
pp. 1099-1126, 1942. 


> Umpleby, J. B.: op. cit., pp. 71, 161. 
6 Umpleby, J. B.: op. cit., pp. 71, 161. 


Anderson, A. L.: Geology of the Pearl-Horseshoe Bend gold belt, Idaho. Idaho Bur. 
Mines and Geology Pamph. 41, pp. 6-7, 1934. 
* Anderson, A. L.: Geology and ore deposits of Boise Basin, Idaho, U. S. Geol. Survey 


Bull. 944c, in press, 1946. 
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syncline that extends across the district in a general westerly direction. 
Superposed on the beds is a prominent jointing that is more conspicuous than 
the bedding, the joints striking N. 10°-40° W. and dipping about 85° SW. 

The only faults observed were those that directed the intrusion of the 
gabbroic and lamprophyric dikes and guided the mineralizing solutions. 
Those that directed the gabbroic bodies strike in a general northwesterly 
direction, but those that guided the lamprophyric dikes have more diverse 
trends and favor east-west and north-south directions. The shear and frac- 
ture zones delineated by the cobalt-bearing lodes trend mostly N. 20°-40° W. 
and dip 70°-80° SW., but there are some that bear N. 20°-40° E. and dip 
70°-80° SE., and a few that extend about due east or due north and dip 
steeply south or steeply west. 

Although the trend of much of the schistosity conforms more or less 
closely with the trend of the bedding, having formed in response to regional 
stresses, some of the most pronounced foliation is along the lodes and con- 
forms with the lodes in strike and dip, commonly cutting the regional schistos- 
ity at a considerable angle. This lode schistosity is apparently associated 
with the mineralization, and has formed along planes of active shear. 


CLASSIFICATION OF DEPOSITS. 


Because of the various associations of the cobalt with tourmaline, biotite, 
quartz, copper, and gold, the cobalt deposits may conveniently be divided into 
(1) cobalt-tourmaline lodes, (2) cobalt-biotite lodes, (3) cobalt-quartz lodes, 
and (4) gold-copper-cobalt lodes. Though interrelated, each nevertheless 
possesses certain characteristic features that set it apart from the others. 


COBALT-TOURMALINE LODES. 

General Features—The cobalt-tourmaline lodes are typically developed 
in the southern part of the district, particularly along the West Fork of 
Blackbird Creek and on the ridge separating the West Fork trom the main 
stream. The lodes also continue up the slope north and east’ of Blackbird 
Creek toward the head of Little Deer Creek, but to the west and north the 
tourmaline tends to drop out, its place being taken by biotite. 

These lodes are as fine grained and as dark colored as the quartzitic rocks 
that contain them and consequently they are not easy to distinguish from the 
quartzite except where they happen to be harder and more resistant to erosion 
than the also hard but jointed country rock. In such places they form ledges 
which rise above the quartzite and schist, the ledges being broad but generally 
short and appearing as islands surrounded by streams of talus. 

The lodes comprise zones of mineralized quartzite; actually they are 
localized along zones of somewhat fractured and sheared country rock, the 
minute grains of cobaltite and associated minerals impregnating and replacing 
the quartzite without greatly changing its appearance. These mineralized 
zones usually possess a faint schistosity, which becomes conspicuous as the 
lodes become micaceous. Some of the mineralized zones are as much as 70 
feet wide, but they may be only a few hundred feet long. Apparently lodes 
are discontinuous, irregular, but numerous. 
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Mineralization of the lodes has not been uniform. In most of them the 
ore has been dispersed as minutely disseminated grains along ill-defined zones 
in the lodes with local concentrations in irregular bunches and masses. The 
more highly impregnated zones may range from 10 to 30 feet wide, but the 
ore is not uniformly distributed throughout and there may be lean areas as 
well as those with rich streaks and bunches. Some lodes have zones 4 to 5 
feet wide that are particularly rich in cobaltite, containing _perhaps 5 to 6 
per cent cobalt; but the average for many lodes is probably 1 to 2 per cent 
and for some, 0.5 to 1 per cent. 

Mineralogic Features—As the minerals of the lodes are so extremely fine 
grained, they are scarcely recognizable without the microscope. Much of the 
cobaltite measures less than 0.0012 inch in diameter and only where the grains 
are so closely spaced as to form virtually granular aggregates are they visible 
to the eye as light-colored streaks and irregular light-colored spots in rock 
that otherwise is black and that may more easily be distinguished as ore by 
its superior weight. The tourmaline grains are also minute, but they are 
generally so numerous and in some places so closely packed as to form essen- 
tially black massive aggregates. Exceptionally the tourmalinized rock lies 
within and merges with very fine-grained biotite schist which, because of its 
black color and fine grain, resembles the tourmaline rock, differing mostly in 
its somewhat better-developed foliation. Through the lodes may also be 
recognized remnants of the quartzite with its quartz and minute grains of 
biotite and muscovite and microscopic grains of zoisite and zircon. 

Although distinguished as cobaltite-impregnated zones of tourmalinized 
quartzite, the lodes are not so structurally and mineralogically simple as might 
be inferred. In addition to the biotite, tourmaline, and cobaltite already men- 
tioned, they also contain scant quantities of other minerals added during a 
succeeding stage of mineral deposition, mostly in minor, inconspicuous frac- 
tures in the cobaltite-impregnated tourmalinized rock. The early minerals, 
however, constitute the bulk of the deposits and impose on them their distinc- 
tive characteristics. 

No minerals other than biotite, tourmaline, and cobaltite were formed 
during the early stage of mineralization, the biotite being much subordinate 
to the other two. The biotite is aligned with its flat sides parallel to the 
shearing or the long dimension of the lode. As shown in Fig. 2 it tended 
to develop as streaks and bands aligned obliquely across the foliation of the 
quartzite, the biotite grains piercing and replacing the quartz and the grains 
of biotite and muscovite formed in the quartzite during the regional meta- 
morphism. Where the biotite and tourmaline are together, the tourmaline 
as shown in Fig. 3 penetrates and replaces the biotite as irregular veinlets or 
as scattered automorphic crystals. Otherwise the tourmaline is in seams or 
streaks aligned with the shearing in the quartzite or is packed into massive 
aggregates, forming local areas of completely tourmalinized rock. In most 
lodes the tourmaline grains are uniform in size and show but one stage of 
formation; but in one lode the tourmaline appears in two generations, the 
younger and somewhat larger grains forming veinlets in the broken earlier 
aggregates. The cobaltite embeds both the biotite and tourmaline, but shows 
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Fic. 2 
tion, the formation of zones of biotite (black) along shearing that cuts the foliation 
of the micaceous quartzite at an oblique angle. Grains of cobaltite are commonly 
concentrated along these biotitized zones and ordinarily impregnate and replace the 
biotite (Fig. 8). The early biotitization is not prominent in most of the tourma 
linic lodes. Uncrossed nicols. »X 59.5. 


Photomicrograph of thin section showing earliest stage of mineraliza- 


Fic. 3. Second stage of early mineralization, the invasion and replacement 
of the biotitized rock (B) by more finely crystalline aggregates of tourmaline (T). 
In biotite-free lodes the tourmaline is the first mineral formed. Uncrossed nicols. 

59.5. 

Fic. 4. Concentration of cobaltite crystals (black) along zones of tourmalin- 
ized quartzite. Impregnation of the biotitized and tourmalinized rock with grains 
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a closer association with the tourmaline than with the biotite. As shown in 
Fig. 4 it is concentrated along the tourmalinized zones with only scattered 
crystals penetrating outward into the bordering quartzite. In impregnating 
the other minerals it always assumes its own cubic and pyritohedral forms 
and is remarkably free of inclusions of any kind. The three minerals appear 
to have been formed successively from diffusing solutions, the biotite first 
and the cobaltite last. : 

The minerals added during the second stage of mineralization include very 
minor amounts of biotite, muscovite, zoisite, epidote, and quartz and occa- 
sional grains of cobaltite, arsenopyrite, pyrite and chalcopyrite. In this stage 
deposition was not as continuous as during the preceding but was interrupted 
by minor structural adjustments which have separated the minerals naturally 
into three groups, the two micas, zoisite, and epidote falling into one, quartz 
into another, and the metallic minerals into the third. These minerals are 
very inconspicuous and those of the first group are entirely unrecognizable 
without the microscope. 

The biotite, muscovite, zoisite, and epidote succession is confined to widely 
spaced veinlets along minor, widely separated fractures in the cobaltized rock. 
As shown in Fig. 5 the younger biotite and its subordinately associated musco 
vite form grains that are considerably larger than the grains of tourmaline 
and other minerals bordering the veinlets. The occasional grains of zoisite 
(Fig. 6) and epidote (see Fig. 9) are also relatively large. The zoisite in 
part appears to replace biotite and muscovite, but its relations to the epidote 
are not known. 

The quartz also is in veinlets that cut the cobaltized rock. These veinlets 
are generally more numerous than those containing the micas and zoisite and 
commonly cut them, but as shown in Fig. 7, some of them penetrate along the 
micaceous veinlets and hold the micas as partly replaced inclusions together 
with inclusions of tourmaline and cobaltite engulfed from the bordering walls. 
In some places the quartz has been added in considerable volume, forming ill- 
defined quartzose seams and stringers in healed fractures in the tourmalinized 
and cobaltized rock. 

The rare crystals of cobaltite and arsenopyrite and grains of pyrite and 
chalcopyrite seem to be rather closely associated with the quartz, but they may 
also embed the tourmalinized rock. These minerals are considerably larger 
than the minerals deposited earlier. Some of the cobaltite crystals are veined 
and corroded by the arsenopyrite, but generally the two minerals are not in 
contact though grouped closely together. Cobaltite may also be veined by 
chalcopyrite. It is not certain that native silver and enargite occur in inclu 
of cobaltite marks the final contribution of the first-stage mineralizating solutions. 
Uncrossed nicols. X 59.5. 

Fic. 5. Contribution of the second wave of mineralizing solutions to che 
tourmalinic lodes, the formation of veinlets of biotite (B) and closely associated 
muscovite (M) along minor fractures in the tourmalinized rock. Some veinlets 
also contain scattered grains and crystals of zoisite and epidote. Uncrossed nicols. 


59.5. 
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Fic. 6. Large grain of zoisite (Z) accompanying biotite (black), muscovite 
(M), and quartz (Q) in an irregular veinlet along a minor fracture impregnating 
and replacing the tourmalinized rock. Uncrossed nicols. X 56. 

Fic. 7. Cobaltite-impregnated tourmalinized quartzite cut by a seam of second- 
stage quartz with inclusions of earlier second-stage biotite and muscovite and some 
grains of cobaltite and tourmaline detached from the bordering walls. The quartz 
was introduced along a second-stage mica veinlet. Uncrossed nicols. X 56. 

Fic. 8. Heavily cobaltite-impregnated biotitized quartzite penetrated along the 
foliation by a seam of more coarsely grained biotite (dark) and muscovite (light) 
contributed by the second-stage solutions. Uncrossed nicols. X 56. 

Fic. 9. Less heavily biotitized and cobaltized quartzite cut by a seam of coarse 
hiotite with an associated large crystal of epidote (E). Uncrossed nicols. X 56. 
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sion-like bodies in the cobaltite as they do in some of the other lodes where 
the late cobaltite is present in greater abundance. 
The succession and the relative abundance of the minerals in these cobalt- 
tourmaline lodes are shown diagrammatically in Table I. 
Table I 


Mineral Sequence of Cobalt Lodes 





Cobalt-Tourmaline Cobalt-Biotite Cobalt-Quartz 
Lodes Lodes Lodes 


Stage Stage Stage Stage Stage Stage 
Minerals I II I II I II 


Biotite Lam A tae 
Tourmaline PORT a - 
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Zoisite 
Epidote 
Fracturing 
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Arsenopyrite 
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Silvcr 
Enargite 
Chalccpyrite : 




















COBALT-BIOTITE LODES. 


General Features—The cobalt-biotite lodes extend through the central 
into the northern part of the district but achieve their greatest concentration 
in the vicinity of the gold-copper-cobalt lodes on upper Blackbird Creek where 
some of them have been made over into gold-copper-cobalt lodes. 

These lodes are not quite so fine grained as the tourmaline lodes and bhe- 
cause of the platy development of the biotite have a more pronounced foliation 
Nevertheless, it is difficult to distinguish between some of the finer-grained 
lodes and the tourmaline lodes as the biotite may also be black and may be ac- 
companied by tourmaline of the same color. As the grains approach medium 
size they are more easily recognized, especialiy in the weathered outcrops. 
However, in contrast with the tourmalinic lodes the biotitic lodes are not par- 
ticularly resistant to weathering and erosion and generally are but poorly re- 
Hected on the surface. 

These lodes may be described as zones of mineralized schist, the schistosity 
being related to and concomitant with the mineralization. Some of the 
schistose zones are very broad, ranging up to 100 feet across, but the zones are 
not very continuous or regular nor are they everywhere impregnated with 
cobaltite. Generally the cobaltite is disseminated as minute grains along 
ill-defined zones in the schist. In places the grains are so closely spaced as to 
form bands of almost massive ore an inch or two wide, but generally the grains 
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are more widely separated and the outer limits of the schist-impregnated zones 
may not be clearly defined. Much of the cobaltite appears to have a bunchy, 
sporadic distribution forming discontinuous bodies of more or less heavily 
cobaltized rock up to 12 feet or more thick. Some of the richer zones may 
contain several per cent cobalt, but the average for most lodes probably ranges 
from 0.5 to 1.0 per cent cobalt. 
Mineralogic Features——As the mineral grains tend to be somewhat larger 
than those of the tourmalinic lodes, the identity of some may be recognized 
without the microscope. The grains of cobaltite commonly measure from 
0.03 to 0.06 inch in diameter and may even reach 0.1 inch, but generally they 
are still too small for easy recognition by the inexperienced observer and the 
ore must be examined very carefully to be distinguished from barren schist. 
Although distinguished as cobaltite-impregnated zones of biotitized quartz- 
‘te, these lodes are structurally and mineralogically similar to the tourmalinic 
lodes, differing essentially only in proportions of biotite and tourmaline. 
They show the early stage of cobaltite impregnation of biotitized and in some 
places subordinately tourmalinized rock and the addition of younger minerals 
associated with a succeeding stage of mineralization. Because of the abun- 
dance of biotite these lodes possess distinctive characteristics. 
In the first-stage assemblage the biotite far surpasses the tourmaline in 
abundance, but the cobaltite content remains about the same. The biotite 
was the first to form and because of its abundance developed zones of highly 
schistose quartzite and zones of schist composed almost entirely of biotite, 
which appears greenish or brownish in thin section. Locally biotite may be 
somewhat chloritized. As before, the biotite is oriented with the shearing and 
its aligned grains are chiefly responsible for the lode schistosity. In the 
highly micaceous rock, as shown in Fig. 8, the biotite has formed in massive 
aggregates, but in the schistose quartzite (Fig. 9) its grains are more widely 
scattered. Tourmaline is very subordinate; it may not be present in all lodes. 
Where present it forms scattered crystals embedded in the biotitized rock. 
Because of the preponderance of biotite, the cobaltite is found chiefly as grains 
impregnating and replacing the biotite. As shown in Figs. 8 and 9, the dis- 
seminated grains may be abundantly distributed through the biotitized rock, 
but more randomly spaced grains may also extend into the less highly biotitized 
quartzite. Although the cobaltite is younger than the biotite and tourmaline, 
there appears to be no general break in deposition, the minerals apparently 
being deposited successively from solutions of gradually changing composition. 
Minerals subsequently added are the same as those in the tourmalinic lodes 
but they are generally present in larger quantity and locally may have contrib- 
uted considerably to the substance of the lodes. The highly micaceous char- 
acter of some of these lodes may in some part result from the relative abun- 
dance of these younger micas. Again this more coarsely crystalline biotite and 
its accompanying muscovite, as shown in Fig. 8, are confined to seams and 
veiniets along the foliation planes of the cobaltite-impregnated schist or, as 
shown in Fig. 9, to veinlets that cut the foliation of the less highly biotitized 
and not so heavily cobaltite-impregnated quartzite. Figure 9 also shows a rel- 
atively large crystal of epidote embedded in the biotite. Some seams contain 
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streaks of infiltered quartz, but much of the quartz is in separate veinlets. In 
general the quartz is much more abundant than in the tourmalinic lodes, in 
some lodes so abundant as to make them partake of the characteristics of 
the cobalt-quartz lodes. Metallic minerals, particularly cobaltite, also appear 
to be more abundant and in places may add much to the cobalt content of the 
lodes. The grains of cobaltite are much larger than those deposited earlier 
and are generally easily distinguished by the unaided eye. Many of the grains 
contain occasional small inclusions and irregular veinlets of native silver and 
enargite and less commonly of chalcopyrite ; some grains contain them in abun- 
dance. These other minerals, however, are not entirely confined within the 
grains of cobaltite; they may lie along side or may also penetrate crystals of 
arsenopyrite closely associated with the cobaltite. As the arsenopyrite veins 
as well as corrodes the cobaltite, the mineral succession apparently is cobaltite, 
arsenopyrite, native silver, enargite, and chalcopyrite. Pyrite is a very scanty 
constituent of these lodes. In the gold-copper-cobalt lodes it shows a position 
between arsenopyrite and native silver. 

As shown in Table I, the minerals and their succession are the same as in 
the cobalt-tourmaline lodes, the main difference being in the biotite-tourmaline 
ratio and the somewhat higher proportion of second-stage minerals. 


COBALT-QUARTZ LODES. 


General Features——The cobalt-quartz lodes are rather closely associated 
with the cobaltiferous schists in the more central part of the district and are 
particularly prominent on the ridges between the upper part of Blackbird 
Creek and the South Fork of Big Deer Creek. Because of their quartzose 
nature the lodes tend to resist erosion and develop fairly conspicuous outcrops. 

These lodes appear to have developed along zones of cobaltiferous schist 
and commonly contain schistose inclusions or show transitions into schist. 
The lodes commonly are short, discontinuous, or form lenticular masses, some 
of quite irregular outline. In some places the schist has been so permeated 
by quartz as to form quartzose bodies up to 12 feet wide, the bodies retaining 
shadow-like outlines or actual inclusions of schist. In some lodes the schistic 
material has completely disappeared and the lodes resemble filled fissures. 
Some of these attain thicknesses of 10 feet, subsidiary stringers in the walls 
adding another 5 to 10 feet to the lodes. 

The lode material is fairly coarse grained and is composed largely of white, 
coarsely crystalline quartz with here and there zones of disseminated cobaltite 
grains or stringers or irregular veinlets of cobaltite. In places the dissemi- 
nated grains are aligned in streaks and preserve the foliation of the original 
schist, locally giving the ore a peculiar gneissic structure. Much of the co- 
baltite, however, is grouped in irregular bunches, sporadically distributed 
through the quartz. 

Mineralogic Features—Except for the abundance of quartz and local con- 
centrations of the young cobaltite, there is little to distinguish these lodes 
mineralogically from the cobalt-biotite lodes. They seem to have originated 
as cobaltite-impregnated zones of biotitized quartzite which were so thoroughly 
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Fic. 10. Remnant of cobaltite-impregnated schist remaining after the schistic 
lode had been thoroughly permeated by quartz of the second-stage solutions, con- 
verting it to a cobalt-quartz lode. Uncrossed nicols. » 60.2. 

Fic. 11. Same as Fig. 10 but with crossed nicols to show size and granularity 
of the invading quartz grains. > 60.2. 

Fic. 12. Irregular veinlet of chalcopyrite (black) containing corroded and 
partly replaced remnants of biotite (B) and muscovite (M) which were deposited 
as the first minerals of the second-stage assemblage. Such corroded mica grains 
are scattered through much of the massive copper ore. Uncrossed nicols. X 60.2. 

Fic. 13. Polished section showing two generations of cobaltite; the early as 
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permeated by the younger quartz as to lose most of the original minerals, ex¢ 





cept some of the cobaltite, which was retained in the quartz as disseminated-s WAT ‘ 

in part as corroded inclusions. Such included grains with remnants of tha, 

schistose rock are shown in Figs. 10 and 11. As in the more complex gold- %&& 
copper-cobalt lodes some of the included grains show ragged outlines and “S_+ gars? 


internal spongy textures due to partial solution (Fig. 13). 

The cobaltite that was added later forms grains that measure up to 0.1 inch 
in diameter, aligned along minor fractures in the quartz. Many of them con- 
tain minute inclusion-like bodies of native silver and more numerous grains of 
chalcopyrite, and some are partly veined and corroded by crystals of arseno- 
pyrite, which also may hold occasional grains of native silver and more nu- 
merous grains of chalcopyrite. The native silver and chalcopyrite also appear 
as free grains in the quartz. The late minerals show a very uneven distribu- 
tion and, except for arsenopyrite, are invariably scanty. The younger suc 
cession of biotite, muscovite, and associated minerals was probably added to 
the lodes, but because of the extensive silicification that followed, only rem- 
nants can remain which cannot be safely distinguished from the remnants of 
the earlier mica. 

The minerals in the order of their formation are shown in Table I. 


GOLD-COPPER-COBALT LODES. 


General Features ——The gold-copper-cobalt lodes are found in the central 
and more northerly parts of the district, particularly in the area containing 
the chief concentration of cobalt-biotite lodes. Most of them, therefore, are 
along upper Blackbird Creek and its tributaries and on the divide between 
the Blackbird Creek drainage and Little and Big Deer Creeks. Deposits con- 
taining little but copper are also known on Indian Creek, a tributary of Big 
Deer Creek in the extreme north end of the district, and again, on Musgrove 
Creek just over the crest of the ridge on the south side of the West Fork of 
Blackbird Creek. 

The gold-copper-cobalt lodes are mineralogically and structurally complex 
and have such relations as to suggest that cobalt, copper and gold were added 
to what were originally simple cobalt-biotite lodes. These lodes are contained 
in comparatively broad zones of schistose quartzite which possess all the fea 
tures of the cobalt-biotite lodes. The gold-copper-cobalt ore, however, does 
not occupy the entire schistic zone but forms irregular and discontinuous 
bodies, which may be tabular, rudely lenticular, or even chimney-like. The 
bodies seem to have a more or less sporadic distribution, being localized where 
recurrent movement along the schistose zones provided openings favorable 
for the circulation of the younger ore-bearing solutions. These bodies may ex 
tend for hundreds of feet, pinching and swelling, and then as they approach an 
end may split with a branch passing obliquely across to another part of the 





remnant spongy, ragged grains introduced by the first-stage solutions and subse 
quently corroded and partly dissolved by the younger solutions; and the later as 
sharply outlined, solid crystals with some contained grains of chalcopyrite, both 
deposited by the second-stage solutions. X 68.8. 
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schistose zone to connect with an overlapping body which in turn may con- 
tinue for additional hundreds of feet. These bodies need not necessarily be 
superposed on the earlier heavily cobaltized zones, they may be in the schistose 
areas that previously contained little cobaltite, or they may pass more or less 
obliquely across the cobaltized zones. 

The ore in these lodes has a sporadic and bunchy distribution. Much of it 
is confined to seams or stringers and to small bunches and thin lenses, which 
may be joined one with another by connecting stringers. Very commonly 
narrow seams lying along or across the schistosity swell abruptly into irregular 
bodies several feet across and then as abruptly pinch to a mere seam which 
along the schistosity may again swell or connect with other irregular bodies 
or lenses. The lenses are generally long but only 6 to 12 inches wide but 
outward fringing seams and stringers may produce stoping widths up to 15 
feet. Recent diamond drilling has disclosed widths up to 33 feet. As the 
stringers, lenses, and bunches of ore cut or embed the schistose rock, the latter 
also forms an integral part of the ore zone, commonly contributing notable 
amounts of the early disseminated cobaltite. , 

3ecause of its sporadic distribution, the value of the ore varies considerably 
from place to place. The mill heads at the Uncle Sam mine averaged about 
1.7 per cent cobalt, 4.5 per cent copper, and 0.22 ounce of gold per ton. The 
crude ore and concentrates shipped to the smelter contained about 16.81 per 
cent copper and 0.665 ounce of gold and 0.51 ounce of silver per ton. As the 
cobaltite has a rather irregular distribution, there are places in the stopes and 
elsewhere underground where it is present in amounts less than 1 per cent and 
other places, in amounts as high as 5 or 6 per cent. Diamond drilling by the 
U. S. Bureau of Mines in 1943 and 1944 uncovered an ore body in a lode 
above the Uncle Sam that measured 1,250.feet long and 3 to 33 feet wide with 
0.56 per cent cobalt and 2 per cent copper. The gold content, however, was 
lower than at the Uncle Sam mine. 

Mineralogic Features.—The gold-copper-cobalt lodes possess many minera- 
logic features of the other lodes, but as exemplified by the Uncle Sam mine, 
they show evidence of three rather than two stages of deposition and receive 
their main characteristics from the second-stage minerals which are present 
in much greater quantity and in somewhat different proportions than in the 
other lodes. Were it not for the conspicuousness of the second-stage minerals, 
these lodes would be just like the cobalt-biotite lodes and would be distin- 
guished simply as broad zones of cobaltite-impregnated biotitized quartzite. 
The third-stage minerals impart no distinctive characteristics ; they are visible 
only with the microscope. 

As in the cobalt-biotite lodes the first-stage minerals are biotite, tourmaline 
(scant), and cobaltite and there is nothing new to add concerning the distribu- 
tion and relations of these minerals. The second-stage minerals are also much 
like those added to the other lodes but the assemblage is dominated by co- 
haltite, arsenopyrite, pyrite, native silver, and chalcopyrite and contains such 
additional minerals as pyrrhotite, siderite, sphalerite, and galena. The third- 
stage minerals are quartz, gold, and electrum. 
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Deposition of the second-stage minerals was somewhat interrupted by 
minor’ structural adjustments and hence minerals show a tendency toward 
grouping. As in the other lodes, biotite, muscovite, zoisite, and epidote are 
closely associated and are confined to seams and veinlets along and across the 
foliation of the cobaltite-impregnated schist. These minerals seem to be more 
abundant than in the otlrer lodes and may have had an important part in de- 
veloping and accentuating lode schistosity. The succeeding ore minerals have 
a marked affiliation with the minerals of this group. As shown in Fig. 12, 
the relatively coarse grains of biotite and muscovite may be contained as cor- 
roded grains in the younger ore seams; in fact they are distributed throughout 
the massive ore. This succession of silicates evidently initiated the second 
stage of mineralization. 

Quartz also is a relatively abundant mineral and locally has penetrated the 
early-stage ore in considerable volume. It has a rather sporadic distribution ; 
in places it permeates the schistic rock as it did in the cobalt-quartz lodes, in 
other places it forms irregular veinlets and bunches in the schist, either alone 
or in association with the various younger ore minerals, which have pene- 
trated and replaced it along fractures. Exceptionally, in unfilled openings 
in schist, quartz crystals are coated by sulphides. 

The second-stage ore minerals are closely associated as a group despite 
some structural adjustments during their deposition. The first mineral of 
the group is cobaltite which occurs as disseminated grains in the schist and 
conspicuously as partly corroded grains scattered through the pyrite and 
chalcopyrite. Its grains, which are larger than those deposited earlier, meas- 
ure 0.25 to 0.5 inch in diameter and stand out conspicuously as almost white 
grains in the pyrite and chalcopyrite and as prominent crystals grouped as 
bands and irregular bunches in the schist. The younger cobaltite may appear 
alongside the older and, as shown in Fig. 13, may be recognized by its large, 
complete pyritohedral forms, whereas the older crystals show corrosive effects 
and possess a spongy texture, apparently from partial solution. The cobaltite 
is commonly accompanied and may be veined and corroded by arsenopyrite. 
\s shown in Fig. 14, it appears to be quite susceptible to replacement by the 
arsenopyrite, whereas it seems to be replaced with difficulty by the pyrite 
and chalcopyrite, being retained in them as little corroded inclusions. On 
the other hand, the arsenopyrite is readily replaced by both pyrite and chalco- 
pyrite and as shown in Fig. 15, may be penetrated and replaced by chalco: 
pyrite with retention of many oriented, island-like inclusions. It may also be 
penetrated and replaced in a similar way by pyrite. Cobaltite within the 
arsenopyrite so replaced remains virtually untouched. 

The pyrite is an abundant mineral, but it shows an uneven or spotty 
distribution. Some parts of the Uncle Sam lode are composed chiefly of 
pyrite with scattered, more or less corroded grains of cobaltite and arseno- 
pyrite. The pyrite is without crystal borders and has in part an ill-defined 
concentric structure. Where its grains are in contact with chalcopyrite they 
are deeply corroded, and as shown in Fig. 14, may be contained in the chalco- 
pyrite as oval, bleblike inclusions. 
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Fic. 14. Polished section showing second-stage ore minerals. Instead of 
irregularly veining the cobaltite (C), the arsenopyrite (A) has penetrated unevenly 
the margins of the cobaltite crystals almost engulfing them. Both in turn are en- 
gulfed in and corroded and partly replaced by chalcopyrite (Ch) which locally 
has penetrated well within the arsenopyrite grain, appearing therein as small in 
clusion-like bodies. The cobaltite is less easily replaced by chalcopyrite than arseno- 
pyrite and commonly maintains its crystal borders against the chalcopyrite. Pyrite 
(P) engulfed in the chalcopyrite occurs as corroded, bleblike inclusions. X 68. 

Fic. 15. Polished section showing a large grain of arsenopyrite (light) pene- 
trated and irregularly replaced by chalcopyrite (Ch) which includes oriented-island 
remnants of the arsenopyrite. Crystals of cobaltite (C) formerly engulfed in the 
arsenopyrite have been little attacked by the chalcopyrite. X 68. 

Fic. 16. Polished section showing angular, wedge-shaped grains of native 
silver (S) along minor fractures in a large crystal of cobaltite. The large silver 
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Pyrrhotite is an abundant mineral in some lodes, but in the Uncle Sam 
it has been recognized only as microscopic grains penetrating the pyrite or 
as irregular grains engulfed in the chalcopyrite. 

The native silver is more abundant and apparently more widely distributed 
in these than in the other lodes. It shows a marked tendency to associate 
itself with the cobaltite and to lesser extent with the arsenopyrite and pyrite. 
It appears to favor fractures in the cobaltite and as shown in Fig. 16, it may 
he contained in the cobaltite as sharply angular grains or it may penetrate 
the cobaltite in such a way as to form inclusion-like bodies. It is less prone 
to enter the arsenopyrite and pyrite, but it is found along fractures in them 
and along grain margins of all three minerals, in some places also in the 
quartz and schist. Small oval-shaped grains also appear as inclusions in 
the chalcopyrite. These included grains are apparently replacement rem- 
nants, for, as shown in Fig. 16, the native silver within the cobaltite crystal 
is penetrated and remnants are contained as inclusions in the chalcopyrite, 
which also entered the cobaltite. 

nargite, sphalerite, and galena are exceedingly minor constituents of the 
ore. Enargite appears rarely as microscopic grains within the cobaltite, 
perhaps more commonly as inclusion-like bodies within the chalcopyrite. 
Sphalerite also appears as occasional microscopic inclusions in chalcopyrite. 
Galena reported by Davis ° was not observed, but it is probable that its asso- 
ciations are much like those of sphalerite. 

Except in the highly pyritic zones, the chalcopyrite is the most abundant 
and most widely distributed second-stage mineral. It has penetrated the 
other minerals of the assemblage rather thoroughly and has with minor 
amounts of them entered the schist and quartzose bodies, forming irregular 
stringers and bunches of essentially massive ore. In places it fills fractures 
in cobaltite and arsenopyrite and shows an exceptional tendency to enter and 
replace the arsenopyrite. Since it holds the native silver and all the other 
ore minerals as corroded inclusions, it must be the last mineral of the ore 
sequence, 

Siderite forms occasional coarse grains and small granular masses scat- 
tered sporadically along the lodes, usually in close association with the chalco- 
pyrite. It has been observed as crystals on the surface of chalcopyrite grains, 
but more commonly it occurs as coarse grains embedded against the chalco- 
pyrite. It shows no relation to fractures, but apparently fills such openings 
as were available after the chalcopyrite had been deposited. The siderite is 
the youngest of the second-stage minerals. 


’ Davis, D. W Report of flotation tests on a sample of copper-cobalt-gold ore from the 
Uncle Sam Mining and Milling Co American Cyanamid Company, 1940 


grain in the center of the section has been penetrated and partly replaced by chalco- 


pyrite (Ch), which holds remnants of native silver as inclusions. X 68. 
Fic. 17. Polished section showing a grain of electrum (E) deposited along 
margin of an arsenopyrite crystal (A). The electrum, a late addition (third- 


stage mineral), is commonly found in fractures and along grain contacts, in places” 
with third-stage quartz. In this section the arsenopyrite has penetrated and partly 
replaced a grain of cobaltite (C). The arsenopyrite has been penetrated by small 
inclusion-like bodies of chalcopyrite (gray). Black is gangue. x 68. 
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The third-stage minerals—gold, electrum, and quartz—were added in 
noteworthy amounts to the Uncle Sam lode but sparingly to others. The 
quartz may only be distinguished microscopically as minor veinlets in frac- 
tured chalcopyrite and other ore minerals. The electrum and gold have an 
irregular distribution, indicated by traces up to more than an ounce per ton 
in different parts of the Uncle Sam lode. Some of the electrum and gold 
break free when the ore is crushed, but most of the grains are intricately 
associated with the other minerals, particularly with the pyrite and chalco- 
pyrite and to lesser extent with the cobaltite and arsenopyrite. In Fig. 17 is 
shown a grain of electrum bordering on arsenopyrite. Such grains with 
quartz have been observed in fractures in cobaltite. Electrum has also been 
noted in a veinlet cutting chalcopyrite and native silver. The gold likewise 
has entered the various minerals along minor fractures. Apparently a mild 
structural adjustment, which caused considerable small-scale fracturing along 
the Uncle Sam lode, intervened before the third-stage minerals were intro- 
duced. 

Table II 


Mineral Sequence of Gold-Copper-Cobalt Lodes 





Minerals Stage I Stage II Stage III 
Biotite OTB 


Tourmaline - 
Cobaltite 








Biotite a 
Muscovite - 
Zoisite 
Epidote 
Fracturing ssa is es Sa Sanne ie es 
Quartz ae 

Fracturing oicehe Rekeeaead pieee al 
Cobaltite —. 
Arsenopyrite - 

Pyrite aa 
Pyrrhotite =o 
Silver - 
Sphalerite 
Enargite 
Galena 
Chalcopyrite TEED. 


Siderite 





Quartz 
Electrum 
Gold 











The different stages of formation of the gold-copper-cobalt lodes and the 
mineral succession of each are shown in Table II. 


CONDITIONS OF MINERALIZATION, 


Influence of Structural Control—-Mineral and structural relationships 
indicate three stages of mineralization, one separated from the other by struc- 
tural disturbances of greater or lesser intensity. It is to these structural 
disturbances during the course of mineralization that the lodes owe their 
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dominant mineralogic characteristics, for it was the structural reopening 
along individual lodes during each disturbance that permitted renewed circu- 
lation of mineralizing solutions and it was the extent of each reopening that 
controlled the volume of flow and hence the quantity of minerals deposited. 
Structural adjustments, consequently, exerted a marked influence on the 
course of mineralization and on lode substance and characteristics. 

After the early stage of cobaltization the structurally strong tourmalinic 
lodes tended to resist and were little disturbed by structural adjustments and 
consequently were not suited to permit extensive penetration by the second- 
stage solutions and hence receive much of its minerals. The structurally 
much weaker biotitic zones on the other hand were in a position to yield 
more readily to the recurrent stress adjustments. Some which were little 
disturbed received minor contributions of the second-stage minerals and 
retained the characteristics of cobalt-biotite lodes. Most of them, however, 
permitted rather extensive penetration by the second-stage solutions and re- 
ceived notable additions of second-stage minerals, some in quartz, others in 
iron and copper sulphides. The lodes reinforced in quartz thereafter, like 
the tourmalinic lodes, resisted further reopening, but the still weak, highly 
schistic copper-bearing lodes continued to yield and allowed introduction of 
small and variable amounts of third-stage minerals, thus becoming gold- 
copper-cobalt lodes. 

Composition of Solutions —The irregular and variable distribution of 
some of the first- and second-stage minerals indicates some regional variation 
in the composition of the mineral-bearing solutions. In the southern part of 
the district the early solutions apparently contained a notable concentration 
of boron and other constituents that go into the formation of tourmaline and 
were relatively deficient in those that combine to make biotite, whereas 
through the remainder of the district the solutions were enriched in ‘the 
biotitic constituents and deficient in those that form tourmaline. The cobalt 
content on the other hand varied but little, and the zones of tourmalinized 
quartzite were impregnated with as much cobaltite as the zones of biotitized 
quartzite. 

The greatest variation in the composition of the second-stage solutions 
was in the content of silica and the metallic constituents. In the more north- 
erly parts of the district the solutions were dominantly siliceous and contained 
a meager supply of metallic elements, whereas in the central and in some of 
the outlying areas the solutions were enriched in metals, particularly copper. 
The cobalt-quartz lodes, therefore, came into existence where the solutions 
that entered the biotitized zones were dominantly siliceous, and the copper- 
rich lodes, where the solutions carried notable concentrations of the metals. 

Source of the Cobalt.—As the first-stage mineralization shows uninter- 
rupted formation of biotite, tourmaline, and cobaltite, it is evident that the 
cobalt and the biotitic and tourmalinic constituents were transported in the 
same solutions and that they must have originated in and were carried away 
together from the same magmatic region. The position of the later cobalt 
as an essential constituent of the second-stage solutions might at first glance 
suggest that it too and the accompanying constituents originated at the same 
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source, but certain facts bearing on the distribution and relations of the 
second-stage cobaltite indicate that such was not the case, that although the 
cobalt was carried by and cobaltite was deposited from these younger solu 
tions, it was not present at the start and was added only as the solutions came 
in contact with and dissolved the earlier cobaltite along the zones of cobaltite 
impregnated tourmalinized and biotitized quartzite. That the source of the 
younger cobaltite is the earlier cobaltite is suggested by the fact (1) that the 
earlier cobaltite shows evidence of corrosion and solution wherever the earlier 
lodes contain second-stage minerals and hence were invaded by the second- 
stage solutions, (2) that the younger cobaltite is only found in the quartz- 
and copper-bearing lodes along zones of cobaltite-impregnated tourmalinized 
and biotitized quartzite and is not found in lodes not occupying nor closely 
associated with earlier cobaltized zones; and (3) that the abundance of the 
younger cobaltite appears to be directly proportional to the extent to which 
the earlier lodes were reopened and were able to contribute their supply of 
cobalt to the younger solutions and therefore to the quantity of second-stage 
minerals. Where the second-stage solutions were not contaminated by con- 
tact with the earlier zones of cobaltized rock they deposited no cobaltite but 
instead gave rise to the cobalt-free, copper lodes of the region. Although the 
cobalt was a primary constituent of the early mineralizing solutions, it is but 
a secondary constituent of the later solutions, present only by virtue of 
solution and contamination. 

Pressure and Temperature.—lIn view of the highly schistic nature of the 
lodes and the abundance of so-called high-temperature minerals in them, the 
mineralization must have taken place under rather intense stress and thermal 
conditions at considerable depth below the surface. The fact of considerable 
depth is partly confirmed through erosion which locally has revealed that 
deposition persisted through a vertical range of at least 3,000 feet without 
any material change in the character of the mineralization. 

When the zones of cobaltite-impregnated tourmalinized and_biotitized 
quartzite were formed, the stresses were great enough to induce a lode schistos 
ity, and temperatures were within the stability range of tourmaline and biotite, 
minerals with high heats of formation. Because of the close association of 
the cobaltite with the biotite and tourmaline, it too must have been formed 
while temperatures were high. 

During the second stage of mineralization stresses were great enough to 
increase or accentuate the original lode schistosity and to create a schistosity 
along copper lodes not formed along zones of cobaltiferous schist. At the 
start the temperatures were high enough for the formation of biotite, musco 
vite, zoisite, and epidote and may have been higher than at the close of the 
earlier stage of mineralization. As temperatures declined but while still 
moderately high, quartz and then cobaltite, arsenopyrite, pyrite, pyrrhotite, 
and native silver were deposited on a descending thermal scale. As the tem- 
peratures reached moderate levels the chalcopyrite and siderite came out of 
solution, siderite being a mineral more characteristic of mesothermal than 
either hypothermal or epithermal mineralization. Pyrrhotite and _particu- 
larly arsenopyrite are both looked upon as minerals formed at moderately 
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high temperatures; hence the cobaltite which just preceded the arsenopyrite 
must have formed at a somewhat higher temperature, perhaps not much 
below the formational temperature of the early cobaltite. 

Stress conditions during the third stage of mineralization are immeasur- 
able but were probably mild, for they induced weak fracturing. The tem- 
peratures during this stage of deposition were probably low, for electrum is a 
mineral commonly regarded as diagnostic of epithermal or low-temperature 
conditions. 

Source of Solutions—The mineralizing solutions must have emanated 
from a deep-seated source. This source was probably not a deep part of 
the Idaho batholith as earlier proposed *° but a deep magma body of younger 
age that supplied the pre-mineral injections of gabbro and porphyry and the 
post-mineral injection of lamprophyre. ‘These relations would date the min- 
eralization as early Tertiary rather than Cretaceous (the now generally 
accepted age of the Idaho batholith) and would stamp the local mineralization 
as a variant of the general early Tertiary mineralization that the writer be- 
lieves to be widespread throughout the State. Because of the marked con- 
trast in makeup and the more or less accidental structural association of the 
two main assemblages, the cobalt and the copper may have had separate 
sources in the deep magma body. 


HISTORY OF LODE DEVELOPMENT. 


The early history of the various lodes is much the same. They originated 
either as zones of cobaltite-impregnated tourmalinized quartzite or as zones 
of cobaltite-impregnated biotitized quartzite. From that stage on develop- 
ment has varied depending on the extent of reopening and the degree of 
changes induced by the younger-stage solutions. 

Cobalt-Tourmaline Lodes—After these lodes were formed as zones of 
tourmalinized quartzite impregnated by grains of cobaltite, they have under- 
gone little change. The zones were somewhat fractured by subsequent struc- 
tural movement but they did not permit ready circulation of the second-stage 
solutions and did not receive appreciable quantities of the younger minerals. 
Not much cobaltite was dissolved by the second-stage solutions and not much 
was deposited with the younger minerals. Some biotite, muscovite, etc., 
were formed in the fractured rock. Locally there was noticeable silicification. 
The solutions carried little iron and copper. Apparently the zones did not 
respond to further structural adjustments and were not penetrated by the 
third-stage solutions. 

Cobalt-Biotite Lodes—Most of the cobaltite-impregnated zones of bio- 
titized quartzite were inherently weak and were readily converted to the 
more complex copper- and quartz-bearing lodes, but parts that escaped remain 
as typical cobalt-biotite lodes. 

The younger solutions were introduced into these zones in somewhat 
greater volume than in the tourmalinic lodes and consequently larger amounts 
of the second-stage silicates, quartz, and metallic minerals were deposited. 


10 Anderson, A. | Idaho Bur. Mines and Geology Pamph. 61, op. cit., p. 17. 
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Because of the greater volume of younger solutions, more of the early cobaltite 
was taken into solution and more of it came out with the second-stage min- 
erals. These lodes apparently did not receive contributions from the third- 
stage solutions. 

Cobalt-Ouarts Lodes—Although originating as zones of cobaltiferous 
schist, the cobalt-quartz lodes have lost most of their original characteristics 
because of the very large amount of quartz introduced into them during the 
second stage of mineralization. These particular schistic zones seem to have 
been exceptionally weak and were readily permeated by the highly siliceous 
solutions, which dissolved considerable amounts of the early cobaltite. Some 
biotite, muscovite, etc., may have been formed as the solutions first spread 
along the biotitized zones, but if so, the evidence of them has been obscured 
by the subsequent widespread silicification. The solutions carried little iron 
and copper and they deposited little pyrite or chalcopyrite. Because of the 
more extensive solution of the early cobalt, they did deposit considerable 
quantities of the younger cobaltite and some arsenopyrite and native silver. 
The now highly quartzose lodes apparently resisted further structural re- 
opening and escaped the gold mineralization. ‘ 

Gold-Copper-Cobalt Lodes.—Developing as simple cobalt-biotite lodes these 
structurally weak zones of schistic rock were disturbed by subsequent adjust- 
ments and permitted easy circulation of relatively large volumes of second- 
stage solutions enriched in copper and carrying also much silica and iron and 
appreciable quantities of silver. These solutions abstracted appreciable 
amounts of cobalt from the cobaltite-impregnated schist, and after the forma- 
tion of considerable biotite and some muscovite, zoisite, and epidote, they 
deposited quartz and then cobaltite, arsenopyrite, pyrite, and other minerals 
of the ore assemblage, the chalcopyrite in large amounts. As in the other 
lodes much of the silver carried in solution-shows a marked affinity for the 
cobalt and tended to deposit rather early. 

Renewed disturbance along these zones again made them somewhat per- 
meable and permitted the entrance of the gold-bearing solutions and the 
addition of small amounts of quartz, gold, and electrum. 


SUMMARY AND CONCLUSIONS. 


Because of certain dominant mineral associations, the cobalt deposits may 
be classed as (1) cobalt-tourmaline lodes, (2) cobalt-biotite lodes, (3) cobalt- 
quartz lodes, and (4) gold-copper-cobalt lodes. The first of these is repre- 
sented by zones of cobaltite-impregnated tourmalinized quartzite; the second, 
by zones of cobaltite-impregnate biotitized quartzite; the third, by cobaltite- 
containing quartzose bodies ir. zones of cobaltite-impregnated biotitzed quartz- 
ite; and the fourth, by stringers and lenses of quartz and such ore minerals as 
cobaltite, chalcopyrite, and native silver with arsenopyrite, pyrite, pyrrhotite, 
and locally with such minerals as gold and electrum in zones of cobaltite-im- 
pregnated biotitized quartzite. These lodes are the products of three stages of 
mineralization and such differences as exist among them result from differ- 
ences in the amounts and kinds of minerals added during each stage. For 
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convenience these stages may be referred to as the (1) early cobalt stage, (2) 
the copper-cobalt stage, and (3) the gold-electrum stage. 

The early stage of mineralization has played a vital role in the formation 
of all lodes. It contributed freely to all the shear and fracture zones and 
changed them to zones of tourmalinized and biotitized quartzite and then im- 
pregnated them with minute crystals of cobaltite. The second stage has also 
left its mark on all lodes, but in the cobalt-tourmaline and cobalt-biotite lodes 
the mark is weak, the lodes retaining the dominant characteristics imposed by 
the first stage of mineralization. In the cobalt-quartz and copper-bearing lodes 
the second stage of mineralization has supplied as much substance as the first 
stage, giving to the one its highly quartzose nature and its enrichment in cobal- 
tite and to the other its goodly supply of copper and additional quantities of 
cobaltite. The third stage has added only to the copper-cobalt-bearing lodes, 
converting them to gold-copper-cobalt lodes. 

The part that each of the stages of mineralization has played in the de- 
velopment of the individual lodes has depended on the amount of structural re- 
opening at the time the solutions were introduced. The tourmalinic lodes, 
being structurally strong, were not much disturbed and received scanty con- 
tributions of the second-stage minerals and apparently none of the third. 
With few exceptions the biotitic lodes, being structurally weak, were readily 
permeated by second-stage solutions along fracture and foliation planes and 
received a relative abundance of second-stage minerals. Some of the weakest 
yielded to further deformation and admitted the third-stage, gold-bearing 
solutions. 

The deposits were formed along zones of deepseated shearing under rather 
intense stress conditions and at generally high temperatures, the temperature 
declining to moderate levels near the close of the second stage of mineralization 
and to relatively low levels during the final stage. The cobaltite appears to 
have had a particularly high temperature of formation, close to the stability 
range of tourmaline and biotite. 

The source of the cobalt was ultimately the magma that supplied the tour- 
malinic and biotitic constituents. The cobalt was apparently borne from that 
magmatic source by the solutions that impregnated the fractured quartzitic 
rock with biotite and tourmaline and was deposited as cobaltite at the close 
of the early stage of mineralization. The cobalt carried by the younger, sec- 
ond-stage solutions, on the other hand, probably had its source in the earlier 
cobaltite which had been taken into solution as the younger solutions moved 
up through the earlier mineralized zones and was then redeposited as cobaltite 
with the second-stage minerals as the first mineral of the ore sequence. 

Where the copper-bearing, second-stage solutions moved along shear or 
fracture zones not previously impregnated with cobaltite they formed simple 
copper lodes, entirely free of cobalt. In these lodes the schistic development 
is not generally so pronounced as in the cobaltiferous lodes and must be 
credited largely if not entirely to biotitization associated with the copper 
mineralization. The marked individualty of the copper lodes suggests that 
the assocation of cobalt and copper in the other lodes may be a structural 
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one and that the early cobalt-bearing and later copper-bearing solutions had 

independent sources in the deep, early Tertiary magma body. 
Although many of the deposits are inclined to be discontinuous and broad 

rather than long, with the ore in irregular bunches and lenticular zones, the 

deposits are so numerous that the total reserves of cobalt are probably large. 

For some time to come, however, the operator’s interest is likely to be in those 

lodes whose values have been enhanced by the presence of copper and gold. 

Already more than 1,100,000 tons of gold-copper-cobalt ore have been dis- 

closed by diamond drilling and underground workings at the Uncle Sam and 

nearby mines with most of the ore estimated to contain 0.6 per cent cobalt 

lto2 per cent copper. 
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SCHEELITE IN THE BOULDER DISTRICT, COLORADO.! 
OGDEN TWETO. 


ABSTRACT. 


Scheelite accompanies ferberite as an ore of tungsten at many localities 
in the Boulder tungsten district. It is only of accessory importance in 
most veins, but in a few mines it affects grade of the ore substantially. 
It occurs in small veins, in vugs, disseminated in sericitized rock, and in 
gouge and minute fractures in shear zones. The vein and shear-zone de- 
posits are the most important economically, but all scheelite-bearing ores 
owe their value chiefly to ferberite. The ratio of scheelite to ferberite is 
as high as 1:1 in some deposits containing one per cent WO,, but in 
scheelite-bearing ore containing 3 to 5 per cent WO, the ratio ranges from 
5 to 2 210. 

Scheelite is later than all minerals except calcite and some late 
dolomite. 

The mineralogy and paragenesis of the tungsten veins indicate a 
change from acid to alkaline solutions during mineralization. This change 
may be attributed partly to reaction with the alkaline wall rocks, but the 
distribution of alteration zones is in some respects incompatible with this 
hypothesis, and it is suggested in this paper that the solutions depositing 
tungsten changed at the source as well as by reaction. 

Ferberite was deposited from slightly acid, and scheelite from alkaline 
solutions. Early acid solutions leached lime from plagioclase in the wall 
rocks. Late alkaline solutions deposited a little lime as carbonate but 
carried little or no tungsten. As neither the solutions nor the altered 
walls could furnish much lime at the time when tungsten appears to have 
been most abundant in early alkaline solutions, scheelite formed only in 
relatively minor quantities. 


INTRODUCTION, 


Tue Boulder district, Colorado, has long been noted as a major tungsten dis- 
trict and may yet retain first place in total output among the tungsten dis- 
tricts of the United States. The tungsten is almost exclusively in ferberite, 
the ferrous tungstate, except that, as noted by Hess and Schaller,? some of the 
ore at the northern edge of the district contains enough manganese to be 
classified as a low-manganese wolframite. The presence of scheelite in some 
of the veins has long been known, but on the whole scheelite has been re- 
garded only as a rare accessory mineral. It was recognized as early as 1906 
by Van Wagenen,* who found good crystals on the Iowa claim at the northern 
edge of the district. Hess and Schaller found a little scheelite at a few locali- 
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Geol. Survey Bull. 583, 1914 


® Van Wagenen, H. R., Tungsten in Colorado. Colorado School Mines Bull., 3: 145, 1906, 
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ties in the central and northeastern parts of the district, and Lovering * men- 
tions scheelite as a rare mineral younger than almost all of the constituents of 
the tungsten veins. 

During the recent war, when many mines were opened and the ultra-violet 
lamp was used extensively in prospecting, scheelite was found to be widely 
distributed in the district. Although it is only of accessory importance in most 
localities, it was abundant enough in a few mines to affect the grade of the ore 
substantially, and it has probably affected grade to a minor extent in several 
mines. 

The tungsten veins are in a narrow belt that extends from a point about 
four miles west of Boulder west-southwestward for 10 miles to the vicinity of 
Nederland. A summary of the geology of the district and a geologic sketch 
map have been published by Lovering,® and a detailed map and report will 
soon be available.6 The eastern two-thirds of the district is in pre-Cambrian 
granite, and the western third is in schist which is intruded by small bodies of 
granitic rocks. Several shear zones or breccia reefs spaced about two miles 
apart cross the district in a northwesterly direction and are older than the 
veins. The tungsten veins trend northerly to easterly and are mostly short. 
Their chief constituent is fine-grained quartz known locally as horn. Ferberite 
occurs in small shoots within the horn veins and is accompanied locally by 
minor amounts of sulfides, clay minerals, and carbonates. The vein walls are 
sericitized and locally silicified, and the rocks at greater distance from the 
veins are kaolinized. The mineralogy and paragenesis of the veins and the 
wall-rock alteration have been described in detail by Lovering.’ 


OCCURRENCE OF SCHEELITE. 


\lthough scheelite occurs throughout the district, it is most abundant along 
the northern edge in a more or less continuous belt that extends the full length 
of the district. There are four general types of occurrence, each of which is 
more or less characteristic of certain parts of the district. 

Disseminated Scheelite—Scattered small grains and accompanying tiny 
veinlets of scheelite occur in the sericitized rock in or immediately adjacent to 
many veins, particularly in the western part of the district. Scattered grains 
of scheelite can be found in the workings or dumps of almost every mine, but 
as they are seldom abundant, this type of occurrence is of little or no economic 
interest. The altered rock consists essentially of sericite, or a sericitic aggre- 
gate with quartz and microcline. The sericitic aggregate is a mixture of seri- 
cite, hydrous mica, and some residual dickite. Scheelite selectively replaced 
the sericitic aggregate and also microcline to a lesser extent, but it seldom re- 
placed the quartz (Fig. 1). Grains and small veinlets of carbonate, chiefly 

4 Lovering, T. S., The origin of the tungsten ores of Boulder County, Colorado. Econ 
Geou., 36: 251, 1941. 

5 Lovering, T. S., Tungsten deposits of Boulder County, Colorado. U. S. Geol. Survey 
Buli. 922-F, 1940 

6 Lovering, T. S., and Tweto, Ogden, Geology and ore deposits of the Boulder tungsten 
district, Colorado. U. S. Geol. Survey, manuscript in preparation 

7 Lovering, T. S., The origin of the tungsten ores of Boulder County, Colorado. Econ, 
Geou., 36: 234-259, 1941. 
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calcite, are present in most of the sericitized rocks, but there seems to be no 
relationship between the carbonate mineral and scheelite. The carbonate ap- 
pears to be later than the scheelite, and a similar relationship has been ob- 
served in vugs. Where individual ferberite crystals lie in a quartz-sericite 
matrix, scheelite has partly replaced the ferberite and some of the adjoining 





Fic. 1. Scheelite (S) that has partly replaced sericitic aggregate (Se) and 
microcline (M) in sericitized aplite. Quartz (Q) is little affected. Crow No. 18 
mine. X 60. 


sericite as shown in Fig. 2. The replacement of ferberite by scheelite seems 
always to be closely controlled by the crystallographic planes of the ferberite 
as shown in the illustration. The disseminated scheelite is in milky white 
grains which are practically indistinguishable in the altered rock except with 
the aid of the ultra-violet lamp or the microscope. It fluoresces blue-white 
and contains little if any of the powellite molecule. 





Fic. 2. Scheelite (stippled) that has replaced ferberite crystals (black) and part 
of the adjacent sericitic matrix (blank). Crow No. 18 mine. X 40. 
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Scheelite in Veins.—Scheelite occurs in streaks accompanying ferberite in 
a few veins in the northwestern and north central parts of the district. Scheel- 
ite of this type probably contributed appreciably to the value of parts of some 
ore bodies, but it is generally pockety. Veinlets of pure scheelite fill fractures 
in quartz or country rock at places, but more commonly the scheelite streaks 
are contaminated with horn quartz or rock grains. Scheelite-quartz streaks 
consist of pods, lenses, and stringers of light gray to white, slightly siliceous 
scheelite in almost white horn quartz evidently of contemporaneous origin. 
The strongest streaks observed are those formed by replacement of the altered 
rock. In these streaks scheelite has replaced the sericite-hydrous mica-dickite 
aggregate and occurs as a film in every minute parting in quartz and microcline 
grains. Although such streaks may contain as high as 25 per cent WO,, they 
closely resemble barren altered rock. They might therefore go unrecognized, 
but inasmuch as they seldom occur in the absence of ferberite in a parallel 
streak, it is probable that few of them have been passed up in mining, though 
many may have been mined unwittingly. 

In the Crow No. 18 mine, veinlets or streaks of impure scheelite 4% to 2 
inches thick were inter-leaved with ferberite veinlets through a width of 8 to 
10 inches in an ore body above the third level. Scheelite may have comprised 
as much as one-fourth of the tungsten content of the vein at places, but in the 
ore body as a whole, which averaged about 314 per cent WO,, it probably did 
not constitute more than a tenth of the value. In a stope above the second 
level of the Hugo mine, a streak of impure scheelite “4 to 4 inches wide laid on 
the hanging wall of a horny ferberite vein 20 to 30 inches wide, and crusts of 
glassy scheelite coated vugs in the ferberite ore at places. The scheelite streak 
consisted of grains, small irregular masses, and veinlets of scheelite in crushed 
granite whose individual grains contained films of scheelite in every minute 
fracture and cleavage. In the Oregon mine a well-defined vein of scheelite 
was present in one ore body, and smaller veins have been noted in the Catas- 
trophe, Pennsylvania, and Vasco Nos. 1 and 5 mines. 

Scheelite in Vugs——The most conspicuous and common occurrence of 
scheelite throughout the district is in vugs, but this type of occurrence is most 
common in the central part, and particularly in the Gordon Gulch area, about 
two miles southwest of Sugar Loaf postoffice. Most of the vug scheelite is in 
ferberite ore, but some is in barren horn quartz, and a little is in crevices and 
leached openings in otherwise barren granite. Although vug scheelite is found 
at many localities, it is seldom abundant enough to affect the tenor of the ore 
significantly. One of the few places where it did affect grade was in the 
Pennsylvania mine, in Gordon Gulch, where crystalline scheelite was abundant 
in a body of vuggy ferberite ore. This ore averaged about five per cent WO 
across the 30-inch vein, and possibly a fifth to a tenth of the value was in 
scheelite. Many of the vugs in the finely crystalline ferberite were partly 
coated by fairly coarse marcasite which in turn was coated by scheelite and 
rarely a few crystals of galena. Most of the scheelite was in drusy colorless 
crusts that appeared to consist of highly modified tabular crystals, but some 
was in well-defined crystals up to one-fourth inch in diameter. These crystals 
were simple tetragonal bipyramids. Crystals from the Chicago and lowa 
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claims, north of the Pennsylvania, show the third-order bipyramids and attain 
a diameter of one-half inch. Most of the vug scheelite is colorless, but white, 
resinous, brown, and reddish varieties are also found. All of it fluoresces 
bluish white and appears to contain little or none of the powellite molecule. 
[In examining crystals with the ultra-violet lamp, it was noted repeatedly that 
the bright and smooth faces of unmarred crystals would fluoresce only weakly 
or not at all, but if a crystal were scratched or nicked slightly the whole crystal 
would fluoresce strongly. 

Scheelite in Gouge and Shattered Rocks.—Scheelite is found in the gouge 
and shattered rocks of strong shear zones in several localities, mostly near the 
margins of the district. Some of these occurrences have been of appreciable 
economic value. The Ohio mine, at the extreme eastern edge of the district, 
is in a wide fracture zone that branches westward from the Hoosier breccia 
reef. The shattered rock, which is mostly pegmatite, contains veinlets of 
ferberite at the mine, from which a relatively large tonnage was mined many 





Fic. 3. A. Scheelite veinlets (stippled) along cleavages and microscopic sheet- 
ing in microcline. Ohio mine. X12. B. Scheelite (stippled) that has partly re- 
placed ferruginous gouge (black) between rock fragments (blank). Ohio mine. 
x 8. 


years ago from a glory hole and shallow underground workings. During the 
recent war Mr. Harrison Cobb discovered scheelite in much of the material left 
as waste in the old workings. He mined and shipped a considerable tonnage 
of ore that ran about one per cent WO,. Probably one-third to one-half of 
the tungsten in this ore was in scheelite, and the rest in ferberite. Some of 
the scheelite in this deposit is in tiny veinlets that follow fractures and cleav- 
ages in fresh pink microcline as shown in Fig. 3—A, and some is in veinlets of 
red or brown ferruginous gouge. Scheelite has replaced the gouge between 
rock fragments as shown in Fig. 3—-B. Such scheelite is typically very impure ; 
it contains abundant white clay as well as small rock grains and residual masses 
of iron oxide or gouge. The clay gives a cloudy appearance to the coarsely 
crystalline scheelite in thin section. The cloudiness is somewhat similar to 
that in altered feldspar, but the clay particles seem to be inclusions rather than 
alteration products. Some ferberite is also present in the ferruginous gouge ; 
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it is a brown variety similar to that found in scattered localities throughout the 
district and probably owes its color to included iron oxide. Scheelite cuts the 
ferberite or locally replaces it slightly and is obviously the younger. Inasmuch 
as hematite is characteristic of the breccia reefs, the iron oxide in the gouge 
probably dates from that early barren mineralization. 

At the Copeland mine, which is on a breccia reef a few miles south of the 
main tungsten district, horny ferberite is accompanied by a moderate amount 
of scheelite similar to that in the Ohio mine. In the Pennsylvania mine, a 
shear zone in the footwall of the main tungsten vein contains enough scheelite 
to constitute an ore of marginal value. The Catastrophe vein, which is a 
typical small ferberite vein in the central part of the district, contains scheelite 
of several types of occurrence, but the best scheelite ore appears to have re- 
sulted from the replacement and impregnation of gouge. A little ferberite 
accompanies the scheelite, and a small output of scheelite-ferberite ore was 
made in 1942-44 from old workings in which, theretofore, the scheelite had not 
been recognized. The scheelite at the Catastrophe mine contains a moderate 
amount of the powellite molecule. This is the only locality known in the dis- 
trict where powellite is present in appreciable quantity. 


PARAGENESIS. 


As has been indicated above, the scheelite is younger than the ferberite, and 
the ferberite is younger than most of the quartz and wall-rock alteration prod 
ucts, as has been shown in detail by Lovering.*. The Quaker vein in the Ore 
gon mine shows the age relations of late minerals very clearly. In an under 
hand stope below the fourth level, the main strand of the Quaker vein consists 
of about 10 feet of brecciated dark gray horn and silicified granite. Black, 
ferberite-bearing horn and some finely crystalline ferberite fill some of the 
openings and occur in seams cutting the breccia. Most of the ferberite is con- 
centrated in a streak about two feet wide near the center of the breccia vein. 
Within this two-foot streak, purple fluorite that contains scattered small crys- 
tals of pyrite lines vugs in the ferberite and fills veinlets that cut the black 
horn. Galena rests on fluorite in the vugs and occurs in irregular masses in 
the breccia. The walls of vugs within the larger galena masses are sprinkled 
with octahedrons of resinous sphalerite, tiny but perfect tetrahedrite crystals, 
and small drusy masses of ruby silver. Thin plates of barite rest on some of 
these latter sulfides. A late vein of scheelite and white horn \% to 1 inch wide 
cuts indiscriminately through all of these. materials. In addition, the entire 
two-foot ore streak is literally painted by a film of fine powdery scheelite which 
also coats the white horn in the scheelite vein. The powdery scheelite is pres- 
ent in every minute fracture and coats the faces of the tiniest sulfide and barite 
crystals in the vugs. 

A vug in the Hugo vein, which is much like the Quaker, supplies some 
additional details. The vug was in black, ferberite-bearing horn quartz and 
was only partly filled and horizontally stratified. The succession from the 
bottom upward was: 1, crystalline ferberite, 2, banded light gray and white 


8 Lovering, T. S., Econ. Geor., 36: 247-259. 
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horn, 3, tetrahedrite and ruby silver, 4, white horn and opal (?), 5, scheelite, 
and 6, calcite. 

It is clear that scheelite is younger than ferberite and all other constituents 
of the veins except calcite and probably some late dolomite. It is of interest 
to note that the sequence: 1, quartz, 2, tungsten of the wolframite series, 3, 
sulfides, and 4, scheelite, is characteristic of several other tungsten deposits in 
Colorado, as in the Ward, Alma, and Pitkin districts. 


ORIGIN. 


Tungsten Veins —The mineralogy and paragenesis of the tungsten veins 
and altered wall rocks indicaté clearly that the ore solutions changed progres- 
sively from acid to alkaline, as has been shown by Lovering.* From this ob- 
servation and the seeming close relationship between the tungsten mineraliza- 
tion and biotite latite intrusions, Lovering developed a theory of origin which 
states in brief that (1) acid gaseous solutions, given off suddenly if not explo- 
sively from a biotite latite magma, condensed in the veins, (2) the liquid solu- 
tions reacted with the alkaline wall rocks during their rise, and (3) when the 
solutions became neutral or only slightly acid, ferberite was precipitated. 

The present writer believes that the distribution and paragenesis of minerals 
in the veins and altered wall rocks may be explained by change in the solu- 
tions at the source as well as by change through reaction, although there can be 
no doubt that change did occur through reaction. Change at the source is 
difficult to prove or disprove, but if it is accepted as a working hypothesis, it 
explains certain features that are not adequately accounted for by a reaction 
hypothesis alone. 

If an acid solution rising in a vein reacts with the alkaline wall rocks, the 
rock up to a certain level where the solution became neutral and then alkaline 
would show acid or in this case clay-mineral alteration, and above the neutral 
level it would show alkaline or sericitic alteration. At a later stage, assuming 
that composition of the solution remained constant at the source, and that vol- 
ume and rate of flow did not decrease to a mere trickle, the lower part of the 
vein would be insulated by a zone of clay-mineral alteration, so that the solu- 
tion would rise higher in the vein before reaching neutrality. Both the acid 
and alkaline zones of alteration should thus migrate upward, and the zone of 
acid alteration would reach rock that had been sericitized at a slightly earlier 
stage. Sericite should then be replaced by clay in a shell adjacent to the vein, 
hut this is contrary both to observed distribution and paragenesis of the altera- 
tion types. The observed distribution could occur in a rising zone of clay- 
mineral alteration only if sericite were metastable, and the clay-mineral altera- 
tion spread into the walls beyond the sericitized shell, but this is also contrary 
to observed paragenesis. 


If the mineralization were short-lived and occurred with explosive rapidity, 
insulating effects of the walls would be at a minimum. Under these conditions 
inigration of alteration zones might be slight, but sericitic alteration should 
then become stronger upward and should have been present alone at some un- 


* Lovering, T, S., op. cit., 263-279. 
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known upper level. Similarly, clay-mineral alteration should increase down- 
ward and should exist alone at depth. But the opposite seems to be true. 
In most of the deeper mines seen by the writer, sericitic alteration becomes 
stronger with depth, and it is by far the most prominent type of alteration in 
the lower workings of some of the deepest mines. Clay-mineral alteration is 
more erratically distributed, partly because some of the altered rock was later 
sericitized, but after mapping or examining nearly a hundred mines, the writer 
has a rather firm impression that it is in general strongest in the shallow work- 
ings and weakens with depth. Although Lovering found some suggestions 
of an increase in clay-mineral alteration with depth in the relatively deep Cold 
Spring mine, this is not incompatible with the apparent increase in sericitic 
alteration with depth observed in many other mines inasmuch as the sericite 
appears to have replaced rock that had undergone clay-mineral alteration at 
an earlier stage. 

Certain considerations relating to the time element also suggest that min- 
eralization was not entirely accomplished in one sudden burst. The long se- 
quence of horn quartz types and the record of successive movements along 
the veins during horn formation suggest that mineralization was spread out 
through considerable time. The wide zones of alteration also suggest a mod- 
erately long time interval. Solutions moving rapidly through open fissures, 
even though concentrated, should not alter the walls to depths of as much as 
50 feet unless there was fairly long exposure. Both limburgite and _ biotite 
latite were intruded during the period of horn quartz formation, suggesting that 
at least a moderate time interval is represented by the quartz mineralization. 

All the available evidence supports an inference that the first surge of min- 
eralization was the strongest, and that the fluid was acidic. A progressive 
change from acid to alkaline in the fluid supplied to the veins after this first 
surge would explain a distribution of alteratfon types that seems incompatible 
with the reaction hypothesis and would account for the observed mineralogy 
and paragenesis just as well or better than does the reaction hypothesis. The 
formation of a given type of product, such as sulfides, would thus be deter- 
mined primarily by time or the stage of mineralization rather than by position 
in the vein. The occurrence of alkaline-zone minerals, such as scheelite and 
sulfides, through the entire known vertical range of ferberite, an acid-zone 
mineral, is compatible with this explanation. 

Although Lovering’s discussion of origin placed chief emphasis on re 
action, he has informed the writer that his present views are essentially 
in accord with those given above. 

The question of origin of the veins is not only of purely scientific interest. 
If mineralization proceeded solely according to reaction, ferberite would be 
restricted to a relatively narrow vertical range. If there was a progressive 
change in the solutions at the source, as well as reaction during the early 
stages, ferberite might be deposited through a relatively wide vertical range. 

Scheelite—In discussing the chemistry of mineralization, Lovering *” 
showed that ferrous iron would precipitate tungstic acid near the neutral point, 


10 Lovering, T. S., op. cit., 269-271 
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but that at the alkaline stage only a strong base such as calcium would precipi- 
tate tungsten. This would account for the position of scheelite late in the 
paragenetic sequence. The tungsten-bearing solutions leached lime from the 
wall rocks, as is shown clearly by Lovering’s graphs of wall rock composi- 
tion,'' and they were therefore presumably poor in lime. Thus even though 
considerable tungsten may have been in solution at the alkaline stage, little 
lime may have been available to precipitate it. The paucity of scheelite in the 
district as a whole is certainly in accord with this possibility. The presence of 
a little late calcite and dolomite in the veins and in the sercitized rock immedi- 
ately adjacent to them indicates that the lime content increased during the 
dying stages, but as has been shown, the carbonate is largely younger than the 
scheelite, and at the time of greatest carbonate supply, tungsten was evidently 
absent. Scheelite was thus probably deposited only during the relatively brief 
interval when tungsten at the tail-end of the tungsten stage and calcium at the 
beginning of the carbonate stage were present together. 

In most deposits scheelite evidently formed by reaction between tungstic 
acid and limy wall rocks, but in the Boulder district no such external source 
of calcium was available. The country rocks contain no lime except in plagi- 
oclase and in the hornblende of relatively rare dioritic rocks. Along most veins 
the plagioclase was destroyed and the lime removed long before the scheelite 
stage. Plagioclase escaped alteration locally however, and in such places it 
may have supplied some calcium for scheelite. Perhaps this is the explanation 
for scheelite in the gouge of breccia reef zones marginal to the district. The 
gouge of the breccia reefs is more of a mylonitic paste than a clay gouge. The 
presence of lime in unaltered plagioclase in such a paste might encourage the 
replacement of gouge by scheelite, but as plagioclase makes up only a small 
part of the mylonitic paste, it obviously could not supply all of the lime re- 
quired for complete replacement. 

The disseminated scheelite and replacement veinlets certainly did not get 
their lime from the sericitized rock, and the replacement of the sericitic aggre- 
gates indicates that sericite as well as the associated hydrous mica and residual 
dickite was not stable in the more highly alkaline solutions. The replacement 
of ferberite crystals scattered in the sericitic matrix is compatible with the 
chemical theory presented by Lovering,'* but he indicates that only minor 
solution of ferberite would be likely to occur at the alkaline stage, and the re- 
placement of ferberite by scheelite is, indeed, observed only rarely. 


CONCLUSIONS. 


Scheelite is widely distributed as an accessory mineral in the Boulder dis- 
trict, and it has probably contributed substantially to the value of the ore from 
parts at least of several mines along the northern edge of the district. 

As ferberite is black and shows up conspicuously in the light colored rocks, 
veins are commonly appraised only by sight, but scheelite, if present, is in 
conspicuous, and veins should be tested with a fluorescent lamp before a pros 


11 Op. cit., Fig. 11 
12 Op. cit., 268, 270 
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pect is condemned. 


This is true especially of low-grade deposits, and particu- 
larly of shear zones that contain a little ferberite. In many localities the 
“water crystals”. of the miners are scheelite. 

Scheelite may be abundant enough locally to raise low-grade ferberite 
bodies to ore grade or to “sweeten” higher grade ferberite ores by as much as 
one per cent WO,, but it is unlikely that scheelite bodies comparable to the 
ferberite ore shoots exist because there was no adequate source of lime to form 
scheelite on a large scale at the time that tungsten was in solution. 

U. S. GEoLoGIcAL SurRvEy, 
LEADVILLE, COLORADO. 
Oct. 21, 1946. 
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Part I]—Continued in No. 2. 


ABSTRACT. 


Laboratory tests were conducted on selected specimens of favorable 
and unfavorable limestone and dolomite ore horizons from a number of 
mining districts to determine the permeability, crushing strength, toughness, 
and relative grindability of the rocks. While these initial tests did not 
result in usable guides, it is believed that the results warrant the con- 
tinuation of study along the lines indicated. 


INTRODUCTION, 


THE term “favorable ore horizon” has become thoroughly entrenched in the 
literature of economic geology, but we still find ourselves unable to define the 
term, or to describe with any degree of unanimity or conviction the charac- 


> 


teristic or qualities that make the horizon “favorable.” * That there is a 
| 


1 This study was initiated in 1935, and in 1939 was presented to the faculty of The Massa- 
chusetts Institute of Technology in partial fulfillment of the requirements for the Doctor of 
Philosophy degree. The paper was presented before the Society of Economic Geologists at 
the joint meeting in New York with the A. I, M,. E. in February 1939. 

2See Trans. A. I. M. E., vol. 144, “Some Observations in Ore Search,’”’ Question 2, page 
126. See also references 38 and 39 of the present paper. 
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“most favorable ore horizon” in every mineralized district is axiomatic, as 
the probability of finding an equal distribution of mineralization throughout 
the whole of the local stratigraphic section of a district is negligible. In fact, 
if there really were uniform distribution of the mineralization, it would prob- 
ably be so dissipated as to be of no economic significance. 

Similarly, considerable emphasis has been focused on the importance of 
“structure” as a factor in localizing ore bodies. However, not until recently 
has any serious attempt been made to analyze or correlate the structural set- 
ting of various mining districts ® in an-effort to arrive at certain tentative 
principles and guides that may ultimately lead to the finding of new ore 
bodies, or mining districts. 

For some time the writer has reasoned that at least the details of certain 
local structures were controlled by the specific physical qualities and charac- 
teristics of the rocks responding to certain environmental conditions of de- 
formation. That is, given a force tending to develop faulting of a thrust 
type, the resulting structure will differ in detail at least, depending upon 
whether the rocks affected are sandstones, shales, limestones, or igneous sills, 
and also the succession of the various horizons (37, p. 269).* Hence it is 
reasoned that if structure is important in controlling ore localization, it 
should be important to examine the physical characteristics of the mineralized 
rocks as a lead to an understanding of the qualities of the rock that control 
its structural deformation and hence condition its relative ore favorability. 

This study is an initial attempt at some laboratory measurement of some 
of the physical constants of a few “favorable” limestone and dolomitic lime- 
stone. ore horizons, and comparison of these data with the same constants as 
measured on the immediately overlying or underlying “unfavorable” horizon 
Permeability, crushing strength, impact strength and grindability were con 


sidered as probably bearing some resemblance to “ground preparation,” and 
were the only tests made. Porosity was intentionally omitted as it was rea 
soned that before solutions can deposit an ore body in a given horizon the 
solution must have access to the horizon * and be able to move through it; 
i.e., the dynamic capacity for solutions to migrate throughout a horizon (per 
meability) is the significant factor, rather than the static capacity to hold 


‘ 


solutions ( porosity Je 

The conclusion is reached that intergranular permeability is probably too 
low to be an important factor in the large-scale, long-distance movement of 
ore solutions; secondary deformational openings are far more permeable. 


See in particular Structure of Ore Districts in the Continental Framework,” by Paul 
Billingsley and Augustus Locke. Trans. A. I. M. E., vol. 144, p. 9; The Symposium on the 
‘Structural Control of Ore Deposits” sponsored by The Committee on Ore Deposits of The 
National Research Council, under the editorship of W. H. Newhouse Also “Mining districts 
and their relation to structural geology,” A. I. M. E. Trans., vol. LX XI, 1925 

* References are to bibliography at the end of Part II. 

‘In symposium on “Some Observations in Ore Search,” Trans. A. I. M. E., vol. 144, 
Wright (p. 113) states: ‘ . I do not think it always essential that the channelway for 
mineralization be provided by actual deformation. Barren solutions preceding mineralization 
may attack the host rock with a conditioning effect.” The present writer is inclined to be 
lieve that “barren solutions” “conditioning” the host rock should be considered as part of the 
mineralizing phenomenon, and that for their effective migration “structural ground preparation” 
was probably essential, and permeability certainly was essential. 
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Impact-toughness tests did not materially contribute to the study. Crushing 
strength tests on small rock cylinders, coupled with an analysis of the type 
of failure in the cylinders, resulted in suggestive correlation with ore type 
occurrences, and are favorably considered for further study. The grinding 
tests conducted did not yield constructive correlations with ore occurrences, 
but did suggest modified procedures worth further study. 

The writer is greatly indebted to Dr. M. C. Bloom and Mr. Cortland 
Pearsall of the Massachusetts Institute of Technology for help during various 
phases of the experimental procedure. Professors W. H. Newhouse and 
W. J. Mead were particularly helpful and cooperative with the laboratory 
work and in preparation of the original dissertation from which this manu- 
script has been condensed. Acknowledgments for field assistance in secur- 
ing material are noted elsewhere. Drs. Harold Bannerman and Charles 
Park, Jr., of the U.S.G.S., and Mr. M. D. Harbaugh have read the manu- 
script and made constructive criticisms in preparation for publication. 


SELECTION OF MATERIAL, 


Favorable horizons are not recognized until mining camps have reached 
a certain degree of maturity; i.c., until the local distribution of ore is quite 
well known. The recognition is somewhat in the nature of a post-mortem. 
So far as this study is concerned the most favorable horizon is the one carry- 
ing most known ore; and the least favorable carrying least known ore. For 
this investigation it was obviously desirable to procure material from camps 
which had been carefully studied, and on which there were available some 
data descriptive of the stratigraphic column, ore localization within this col- 
umn, and the structural background of the district. 

Through the cooperation of a number of mining companies and _ their 
geological and engineering staffs, suitable material was obtained from eight 
different camps. In each case it was requested that the specimens selected 
be: (1) rough cubes about six or seven inches on edge; (2) collected far 
enough from known ore so as to be unaffected (apparently) by the mineraliz- 
ing solutions and ground preparation; (3) oriented and marked as to strike, 
dip, top and bottom; (4) location described in a general way with regard to 
known ore (i.¢., up dip from known ore; ore 200’ to south, etc. ). 

It was stressed that the most suitable material for study would be that 
material which most nearly resembled the limestone before any mineralization 
took place, in fact before deformation (i.e¢., “ground preparation”) took place. 
Obviously, that is an ideal to be sought after rather than one that can be 
attained, for, in the first place, the condition of the limestone before deforma- 
tion and mineralization took place is not known, and secondly, the fact is 
that deformation and mineralization have both taken place within the district 
from which the specimen was selected. Nevertheless, for the present study 
this limitation must be accepted, and an attempt be made to interpret or 
allow for it, or there would be no material available for study. 

The problem of collecting and selecting material might have been simpler 
and more satisfactorily solved if it had been practicable for the writer to visit 
all the districts and select his own samples, with the cooperation of the local 
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geologists. In a letter of November 26, 1935, W. H. Brown, Geologist of 


the Empire Zinc Company at Gilman, Colorado, wrote that “. . . the prin- 
cipal problem is one of sampling . . . an accurate sample of the entire thick- 


ness of the limestone . . . would take hundreds of samples. I am inclined 
to believe that in order to get any real significant results in your problem you 
will have to take your pressure machines, double bladed saws, and all to the 
district and do the work there or collect tons of material and take it to the 
saws.” In the same letter Brown makes a very significant observation against 
crushing strength tests by noting that “. . . many of the textural charac- 
teristics which cause a bed to be incompetent are too large to get in the 
pressure machine.” In a letter of October 24, 1935, the late W. O. Bor- 
cherdt, Assistant General Manager of Mines, The New Jersey Zinc Company, 
stated, “I do not believe that 8 inch cubes would necessarily be more typical 
than smaller ones. In any case, there is no way in which strictly ‘average’ 
material could be identified in the field and ‘secured, and an average of crush- 
ing and shearing strengths could, I think, only be determined statistically by 
preparing and testing a very large number of specimens.. . . . and it would 
be more reliable as well as easier to deal with a large number of small cubes, 
perhaps as small as one inch.” ® 

Obviously, the major error in the whole procedure rests on the question 
of the selection of typical and average material. In fact, this possible error 
would appear to be so great as to minimize the necessity for great refinement 
and accuracy of the experimental technique in the laboratory. Nevertheless, 
it seemed worth while to make an attempt to find some measurable differences 
in physical characteristics, and some of the problems involved in their deter- 
mination, than to continue to talk about the “favorable” horizon without 
being able to define its characteristics. 

POROSITY VS, PERMEABILITY 

The porosity of a rock may be defined as the ratio (expressed in per cent) 
of the volume of voids in a specimen to the volume of the mineral material 
plus enclosed voids. More specifically it is customary to speak of “absolute 
porosity” and “available porosity.” In the latter case reference is made to 
the pores accessible to the surface of the specimen, and hence available for 
absorbing water or some other medium used in their measurement. 

Obviously, unless all the pores are accessible to the surface and free from 
entrapped air or moisture, the available porosity will leave unmeasured that 
part of the pores which is not accessible from the surface. Sullivan first 
replaced the entrapped air by SO, gas (38) before measuring porosity. In 
a given type of rock the available porosity will vary with the size and shape 
of the specimen tested, i.e., the ratio of surface to volume. Arthur Holmes 
(1)* writes that “If a series of specimens of successively smaller dimensions 


» Russell, using only one-half inch cubes, was able to demonstrate a correlation between 
porosity and crushing strength of pure quartz sandstones from different parts of the United 
States. . ; 

Russell, W. L., “Porosity and Crushing Strength as Indices of Regional Alteration.” 
A. A. P. G., vol. 10, 1926, Pt. 2, pp. 939-952. 

* Numbers in parentheses refer to bibliography at end of article 
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be used for specific gravity determination by the Walker Balance, the Jolly 
Balance, and the pycnometer, it will be found that the results steadily increase 
from values near “d” (density of the bulk rock) for large specimens, through 
intermediate figures to values near “D” (density of the mineral substance) 
for small specimens.” 

When determining the ‘absolute porosity” the bulk volume of the whole 
specimen is compared with the actual volume of the solid material only (de- 
termined by grinding up the specimen and measuring the volume of the 
powder in a special pycnometer), the difference in volumes being taken as a 
measure of the porosity. 

The permeability of a porous medium may be defined as the volume of a 
fluid of unit viscosity passing through a unit cross section of the material one 
centimeter thick under a unit pressure gradient in unit time. This capacity 
will be related to the porosity, inasmuch as the fluid utilizes the pores as 
conduits. However, it is also evident that this relationship is not a simple 
direct relationship, as the size and continuity of the pores will obviously 
influence the rate of flow through the rock. For example, shales which com- 
monly have high porosities (say 20-40 per cent) have low permeabilities 
mainly because of the fineness of the pores, while pumice with very high 
porosity (say 50-75 per cent) has a low permeability because of the lack of 
continuity of the pores. 

In similar rocks having the same porosity, but with different crystal sizes, 
the coarser grained rock will probably show the greater permeability, inas- 
much as the pores are distributed along fewer inter-crystalline contacts, and 
hence will themselves be coarser. Consequently, measurement of the abso- 
lute porosity really contributes but little to an understanding or interpretation 
of the permeability of a rock. It seems probable that there may be a closer 
relationship demonstrated between “available porosity” and permeability in- 
asmuch as the “available porosity” is itself to some extent dependent upon 
the continuity and size of pores. Bain (2) used the “rate” of absorption as 
a basis of measuring the relative permeability of various marbles. 

Throughout this study the term “permeability” is always used as referring 
to intergranular permeability, unless otherwise specified. While this is not 
strictly primary permeability, which is being continually modified by con- 
solidation and cementation, it is meant to exclude specifically such secondary 
features as jointing, sheeting, certain types of dolomitization which are asso- 
ciated with the mineralization, etc. In the above quoted article Bain gives 
the widths of intergranular openings in relatively coarsely grained Vermont 
marbles as ranging from 0.00000235 to 0.0000669 cm, which is equivalent 
to 7.6 to 216.0 times the diameter of a water molecule. In view of the very 
fine grained compact character of many of the limestones used in the present 
study we may be confident that the intergranular openings are on the whole 
smaller than those measured by Bain. 


PERMEABILITY TESTING TECHNIQUE. 


Measurement.—Most of the modern studies of permeability have been 
made by geologists, geophysicists, and physicists associated with the petroleum 
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industry. Their studies have been drawn on freely for the mathematical 
basis of these studies, and the reader is referred to the references for a full 
discussion of the problem (3, 4, 5). 

Either a gas or a liquid may be used in the experimental measurement of 
permeability. For viscous flow (i.¢., free from turbulence, hence slow) the 
OL 
A(P, — P.)’ 
where K is the permeability, QO is the total fluid outflow at the mean pressure 
P, L is the specimen thickness, A its area, and P, and P, the inflow and 
outflow pressures respectively. The use of this procedure has the great 
advantage that the independent work of different investigators can be directly 
compared, when common C.G.S. units are used. K_ will be expressed in 
darcys, or the rate of flow in cubic centimeters per second, per square centi 


permeability to gas is expressed in the following formula: K 


meter of section area, per centimeter thickness of specimen, under a pressure 
gradient of 1 atmosphere, in terms of a fluid with unit viscosity. 

Apparatus.—The apparatus used was a modification of that used by 
Ketchern, Westman, and Hurst (6) for conditions of uniform pressure. The 
arrangement of the apparatus is shown in Fig. 1, and the detail of the speci 
men holder in Fig. 2. 

The details of the apparatus and operation of the experiment are as fol 
lows: referring to Fig. 1; K—J is a horizontal thick-walled calibrated capillary 
glass tube of about 2} mm inside diameter, mounted in front of a meter stick. 
By suitable rubber and glass tubing (Q and P respectively) the capillary tube 
was connected to a mercury filled reservoir L. The reservoir was mounted 
so that it could be raised or lowered to any convenient desired level below 
the capillary tube, the difference in elevation being read on the meter stick M. 
F is the specimen chamber detailed in Fig. 2. H is a calcium chloride-filled 
drying column connected to the top half of F at the two-way stopcock E. by 
suitable glass and rubber tubing. G is another calcium chloride-filled drying 
column, also connected to the two way stopcock E through the trap A. The 
upper end of G joins to the capillary tube through an intermediate glass tube 
and stopcocks C and C*. The specimen chamber F joins to this intermediate 
glass tube through the stopcock D. The trap A is connected to the vacuum 
pump; B is a stopcock which permits the operator to break the vacuum, S 
indicates the specimen. 

In Fig. 2, A-A* and B—B' are standard ground glass joints, respectively 
11 mm and 35 mm in diameter. S shows the specimen resting on the upper 
end of the ground glass joint A. R is heavy-walled pure gum rubber tubing 
with the inside diameter of } inch. The rubber tubing is held tight against 
the glass and the rock disc by means of wires wound around the tubing. The 
specimen must be dried before testing. 


To make a test the operator opens valve E so as to connect chamber F to 
the trap A. Valves D, C. and C' are opened; valves B and N closed. The 
vacuum pump is started and the mercury is gradually drawn from reservoir 
I. up into the horizontal tube K—J. As the mercury approaches K it is 
advisable to reverse stopcock E to connect with the calcium chloride tower 
H, and at the same time close valve C. A moment later the valve C* is 
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closed, and then by means of the aircock C—C* the operator can draw the 
mercury into K~J to any desired position. Opening the valve N will now 
admit atmospheric pressure to the inlet side of the test specimen. The test 
data are obtained by noting the position of the mercury meniscus in the hori- 
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Fic. 1. Apparatus for measuring permeability. 
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zontal capillary tube K—J at a given time when it is near J, and then again 
noting the time when the mercury has reached some point near K. The verti- 
cal distance between the horizontal tube K—J and the top of the mercury in 
L is read on M at the end of the experiment. The barometric pressure and 
the room temperature must both be determined. Knowing the area and 
thickness of the test disc, the operator can now compute the permeability. 

The various experimental errors were reviewed and found to be well 
within the limits of accuracy desirable. The efficacy of the specimen mount- 
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Fic. 2. Apparatus detail showing specimen. 


ing (whose cylindrical surface was sealed off with “Duron” label lacquer) 
was demonstrated by mounting a } cm thick disc of glass in the apparatus. 
Over a 24 hour period the mercury in the horizontal measuring tube was 
displaced less than 1 mm. Viscous flow was demonstrated by making several 
runs on the same specimen at different pressure heads, and proving that the 
change in flow varied directly with the head, as shown in Fig. 3. 
Discrepancies in Individual Sample Specimens and Test Discs——Early in 
the experimental work it became desirable to know how well the readings on 
an individual dise could be checked over a number of runs, hence two holes 
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were drilled perpendicular to the bedding in a specimen of the “Upper Cri- 
noidal” limestone from Hanover, New Mexico, and the cores from each hole 
cut into three discs each one centimeter thick. Unless otherwise stated, all 
test discs were 2.4 cm in diameter, and 1 cm thick. 
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Fic. 3. Graph demonstrating viscous flow. 
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Six runs on a disc from each hole are recorded as follows: 


Hole No. 1; disc No. 10 Hole No. 2; disc No. 15 
0.00132 millidarcys 0.00100 millidareys 
0.00124 millidarcys 0.00099 millidarcys 
0.00136 millidarcys 0.00098 millidarcys 
0.00133 millidarcys 0.00098 millidarcys 
0.00134 millidarcys 0.00096 millidarcys 
0.00139 millidarcys 0.00096 millidarcys 
Ave. 0.00133 millidarcys Awe. 0.00098 millidarcys 


The average permeabilities on each of the six discs from the two holes 
referred to above are: 





Hole No. 1 Hole No. 2 
Dise 10—0.00133 millidarcys Disc 13-——0.00098 millidarcys 
Disc 11—0.00457 millidarcys Disc 14——0.00081 millidarcys 
Dise 12—0.00159 millidarcys Disc 15—0.00099 millidarcys 
Ave. 0.0025 millidarcys Ave. 0.00093 millidarcys 


Dise 11 had a minute iron stained crack which appeared to he thoroughly 
sealed, but apparently was not. This experience tends to focus attention on 
the importance of even the most minute cracks as conduits in contrast to the 
intergranular pores of the rocks. The maximum difference in permeability 
between holes 1 and 2 (excepting disc 11) is between dises 12 and 14 where 
the difference approaches 100 per cent. 

This does not seem excessive if one compares these results with the per 
meability data on nearly 350 samples of Pennsylvania oil sands by Fancher, 
Lewis and Barnes (3) who record differences of over 500 times, t.¢., 50,000 
per cent for different samples of the Bradford sand from the Bradford field. 
It is of interest to note that the difference in porosity of the samples corre- 
sponding to the minimum and maximum permeability quoted above by 
Fancher, Lewis and Barnes is only about 300 per cent; being 5.6 and 17.8 
per cent with corresponding permeabilities of 0.106 and 61.6 millidarcys. 
The lowest permeability recorded in the quoted study was 0.016 millidarcys, 
and the highest 3390 millidarcys, while in the present writer’s experiments 
the highest measured was 0.0046 millidarcys on a dise of Upper Crinoidal 
limestone from Hanover, New Mexico, and the lowest was a specimen of 
Abrigo limestone from Bisbee, Arizona, which indicated no permeability 
after an 114 hour test. 

Bain (2, p 511) in his studies of Vermont marbles found marked uniform- 
ity in the material of similar character, and consequently attached significance 
to variations in porosity, absorption and permeabilities of as low as 10 to 
20 per cent. 7 

Variation of Permeability with Orientation—One of the objectives of this 
series of experiments was to try to determine whether or not the limestones 
were more permeable parallel to the bedding than perpendicular to the bed 
ding. Cylinders were drilled normal to the bedding, parallel to ths strike, 
and parallel to the dip and from these cores discs were prepared and tested. 
The following data on the Lower Escabrosa limestone from Bisbee, Arizona 
are typical of these tests. 
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TABLE 1. 


DIRECTION OF PERMEABILITY TESTED (BISBEE, ARIZONA). 


Disc Number ee “Soe Penden 
25 0.0000029 
26 0.0000117 
27 | 0.0000014 : 
28 0.0010 
29 0.00065 
30 0.0000018 
31 0.0000021 
32 0.0000026 
33 


0.00000 17 


Dises 28 and 29 have obvious stylolites which apparently act as important 


channel ways so as to increase the permeability parallel to the bedding. Simi- 
lar results were obtained on specimens of Upper Escabrosa limestone from 
sisbee, and also Gilman No. 8 limestone. In each of these three cases the 
stylolites acted as distinct partings in the limestone; in fact some test discs had 
to be discarded because they parted along these surfaces during preparation. 
A number of Tri-State specimens contained stylolites, and from these, 
discs were cut to check permeability parallel to and normal to the stylolite. 
Some of these tests indicated no measurable difference in permeability, while 
others showed on increase of permeability, both normal and parallel to stylo- 
lites, over discs without stylolites. The test data are recorded in Table 2. 
Fowler and Lyden (7, p 11) state that the boundaries between limestone, 
“cotton rock” and chert may all have been “influenced by physical and chemi- 
cal characteristics in the several limestone strata, by: bedding plane and stylo- 


TABLE 2. 


DIRECTION OF PERMEABILITY TESTED (TRI-STATE DistTRICT). 


| 
Horizon | Relative Ore | Rise | Rarmmeabllity | Orientation | Stylolites 
Upper half 1 91 } 0.000089 B | Yes 
of K 92 } 0.000018 B Yes 
93 0.000008 B 
| 94 0.0000067 s 
95 0.0000095 Ss Yes 
96 0.0000088 S Yes 
Ave. 0.000028 
Lower M 2 82 0.00011 S Yes 
83 0.00014 S 
84 0.00010 S 
85 | 0.00011 B Yes 
86 | 0.00011 B Yes 
87 0.00009 B 
88 0.00012 B 
Ave. 0.00011 


| | 
B permeability measured perpendicular to the bedding 
S permeability measured parallel to the strike. 
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lite partings which were opened by stresses, and by the manner of infiltration 
of the silicic acid solutions.” All the test specimens used from the Tri-State 
region showed microscopic evidence of recrystallization, and possibly also 
some dolomitization. This recrystallization appeared to have destroyed most 
of the parting characteristic that the stylolite may originally have given to the 
limestone ; instead the stylolite is seen merely as a gray line completely incor- 
porated or integrated into the recrystallized limestone. 

In summary, the tests suggest that when the stylolite actually acts as a 
parting in the limestone it will increase the permeability parallel to the bed- 
ding, but when it no longer acts as a parting after recrystallization of the 
limestone, it will have little or no effect on permeability. 

In the tests of Fancher, Lewis and Barnes (3, p 140) about one-fourth 
of their data were collected on specimens cut so as to measure permeability 
parallel to the bedding. Their findings may be summarized in the following 
quotation: “The data for the permeability and porosity of samples which had 
been cut across the plane of bedding also illustrate the danger of generaliza- 
tion. While in general cases the permeability across the plane of bedding is 
as much or slightly less than that along it, there are samples which are more 
permeable across than with the bedding. . . . It is felt by the authors that 
the permeability and porosity of a sample should be run both with and across 
the plane of bedding whenever possible because the “effective” permeability 
of the sand... in a producing horizon undoubtedly is some resultant of 
both. ‘s 


DISCUSSION OF PERMEABILITY BY INDIVIDUAL DISTRICTS. 


\ll test data will be found tabulated in Table 9. 

Alma, Colorado.—Details of the structure and stratigraphic section of 
the Alma district may be found in varfous papers by Behre (8); and Singe 
wald and Butler (9, 10). The latter state (9, pp 107-108) that “Nearly all 
the production from the silver-lead replacement deposits was obtained close 
to the top of the Blue Limestone, beneath the impervious Weber shales or 
porphyry sills. * “The localization of deposits at this horizon may be 
attributed to a combination of chemical and physical conditions. The ‘Blue 
Limestone,’ here as at Leadville, is a nearly pure dolomite, which is readily 
replaceable and is so brittle that, for considerable distances from fissures it 
shatters into small fragments and therefore may be thoroughly permeated by 
ore solutions. It is overlain by impermeable rocks that force solutions to 
spread laterally in the shattered limestone. These conditions combine to 
make the horizon one of the most favorable for ore deposition.” Only minor 
production has been obtained from the two underlying horizons, the De- 
vonian Dyer dolomite (which really is the lower limestone member of the 
“Blue Limestone”) and the upper part of the “White Limestone,” known as 
the Manitou limestone, of Lower Ordovician age. Both the Dyer and the 
Manitou are described as being thin-bedded dolomitic limestones in contrast 
to the massive-bedded Leadville. 

The material from the Alma district was supplied by Dr. R. D. Butler. 
The Leadville (or Blue) limestone specimen is very fine, uniformly grained, 
moderately dark gray-blue limestone; has a marked conchoidal fracture, and 
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is shattered and cut by a great many hair-like fractures some of which have 
carbonate cement. 

The Dyer limestone specimen is from near the top of the formation. This 
sample is uniformly very fine grained with semi-conchoidal to hackley fracture. 
There are many small fractures, some with ;4; inch open spaces and some 
cemented by carbonate. 

The Manitou limestone sample is not so fine grained as*the other two, 
and is light gray to white in color. There are only a few fractures in the 
specimen. 

The abundance of fractures in the Alma specimens made it very difficult 
to secure unfractured discs of even such small dimensions as 2.4 cm diameter 
and 1 cm in thickness. This was particularly true of the Leadville lime- 
ste. Consequently the number of tests on these specimens is very limited, 
not wholly convincing in their results, and suggests no measurable differences 
between the Dyer and the Leadville, with the difference in the Manitou being 
at approximately the minimum limit for differentiation. 

In this case the most permeable limestone is the least favorable horizon, 
and also is the lowest stratigraphic horizon past which the solutions must 
have passed to reach the favorable Leadville horizon ; an apparently anomalous 
condition if the tests are to be credited. However, in this area the most 
favorable horizon appears to be the most shattered horizon. As suggested 
earlier, even minor fractures appear to be much more important channelways 
than intergranular pores, which may explain why the intensely shattered Blue 
limestone is so richly ore bearing, even though having very low intergranular 
pore permeability. 

Bisbee, Arizona—Ransome (11). Bonillas. Tenney and Feuchere (12), 
and Tenney (13) have all described the stratigraphy and ore deposits of the 
Bisbee area. The following summary is characteristic of the district. 

About 440 feet of lower or middle Cambrian Bolsa quartzite rests uncon- 
formable on the peneplained Pinal schist. Upper Cambrian Abrigo lime- 
stone, 770 feet thick, rests conformably on the Bolsa, and grades from a shaly 
phase at the base to a sandy upper portion. The Ordovician, Silurian, lower 
and middle Devonian are absent, or represented only by an irregular 10 foot 
quartzite bed; 340 feet up Upper Devonian Martin limestone rests discon- 
formably on the quartzite; the limestone is somewhat shaly in its lower and 
middle thirds, grading upwards into more crystalline limestone. The massive 
crystalline lower Mississippian Escabrosa limestone, which is about 700 feet 
thick, is commonly thick-bedded in its lower two-thirds, with an increase in 
its cherty and crinoidal members toward the top where it grades through 
thinner beds to the disconformably overlying Pennsylvanian-Permian Naco 
limestone. The lower 1000 feet of the Naco are relatively thin-bedded with 
crinoidal character decreasing upwards ; total thickness in excess of 3000 feet. 
The Naco is overlain by the Cretaceous (Comanche) Glance conglomerate, 
and in turn several thousand feet of Comanche sandstones, shales and lime- 
stones. 

Most of the ore has come from the upper third of the Martin and lower 
third of the Escabrosa limestone. The lower third of the Martin and the 
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upper fifth of the Abrigo limestones are next in importance. Some ore has 
been found in the lower part of the Naco. 

The semi-shaly character of the middle Martin results in its having a 
tendency to crumple and fold under stress rather than fracture, so that steeply 
dipping sheeted zones may become dissipated and die-out in the shaly ground 
with the consequent localization of ore under this semi-impervious layer. The 
thick-bedded lower third of the Escabrosa fractures readily. 

The following notes characterize the individual specimens which were 
generously furnished by Mr. Carl Trischka, Chief Geologist, Phelps-Dodge 
Corporation, Bisbee, Arizona. 

The specimen of the Abrigo limestone is from about 50 feet below the top 
of the formation and was collected on the 1000 level of the Cole mine about 
300 feet from known ore. The rock is dark gray, shaly limestone, with bed 
ding well marked; and is bounded by rectangular joint systems with traces 
of carbonate on the joints. The rock is fine grained and breaks with con- 
choidal fracture. 

The Martin limestone sample occurs about 90 feet from the top of the 
formation on the 2000 level of the Junction Mine about 500 feet from known 
ore. The specimen is uniformly dark gray, fine-grained with a few straight 
joints normal to the bedding and also some parting along bedding planes. 
The joints are all well sealed by carbonate. The fracture is smooth con- 
choidal, unmodified by the cemented joints. There is a trace of alteration in 
the form of a brown stain along some of the ca*bonate veinlets. 

The specimen from the lower third of the Escabrosa (80 feet from the 
bottom), comes from the 2200 level of the Junction Mine, about 1000 feet from 
known ore. The rock is uniformly fine-grained, and light gray in color. It 
is cut by regular joints and bedding plane joints, and in addition many ir 
regular hair-like joints within the main block; the joints are carbonate filled, 
though some of the bedding plane joints show traces of pyrite mineralization. 
The fracture is hackley-conchoidal, in part limited by the hair-like fractures. 

A specimen from the middle Escabrosa (350-360 feet from the top) was 
collected on the 2200 level of the Campbell mine about 500 feet from the 
Campbell ore body. The specimen is uniformly medium to coarse crystalline 
limestone with minor jointing which is sealed by carbonate. The fracture 
is irregular. 

The upper third of the Escabrosa is represented by a specimen 60 feet 
from the top of that formation, collected from the 2300 level of the Campbell 
mine. The sample is very fine grained gray, with a few hair-like fractures, 
some cemented with carbonate, others uncemented. The rock is hard, diffi- 
cult to drill, and shatters readily with a conchoidal fracture when struck with 
a hammer. Very minor amounts of fine pyrite are present, probably of syn- 
genetic origin, as it is a wide spread characteristic of this horizon. 

The average permeabilities of the various specimens tested (arranged in 
their relative stratigraphic position) are as follows: 


Upper Escabrosa limestone 0.0000034 millidarcys 
, Middle Escabrosa limestone .0000038 millidarcys 
Lower Escabrosa limestone .0000016 millidarcys 
Martin -0000022 millidarcys 


Abrigo -0000062 millidarcys 
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The variations in permeability are probably too small to be considered of 
significance. Note (in Table 9, Pt. IT) that the two dise specimens of the up 
per Escabrosa which contained stylolites have permeabilities about 200 times as 
great as the other specimens of the upper Escabrosa. The stylolites in these 
specimens acted as distinct partings, in fact in some cases the specimens split 
apart along the stylolite during preparation of the discs. Table 9 contains 
further details of these test data. : 

Hanover, New Mexico—The Hanover district has been described by 
Schmitt (14), and also by Spencer and Paige (15), both of whom give details 
of ore occurrence and stratigraphy. Spencer and Paige (15, p 22) quote 
observations by Schmitt which give the “generalized section of Lake Valley 
limestone, west side of granodiorite stock.” 


Crinoidal or white crystalline limestone member 120 ft. 
Blue limestone member (‘‘lower Blue’’) 190 ft. 
Siliceous limestone member 100 ft. 

410 ft. 


This Mississippian group is separated from the overlying Pennsylvanian 
Magdalena group by a slight unconformity. At the base of the Pennsyl- 
vanian occurs the “Parting Shale” which is overlain by massive blue lime- 
stone grading upward into shaly limestone. 

The Hanover specimens were all collected by Mr. C. A. Schmidt, Supt., 
Empire Zinc Company, Hanover, New Mexico. Unfortunately it was neces- 
sary to collect all the specimens from the surface inasmuch as the mine was 
shut down. One specimen, representing the “Middle Blue” limestone, was 
discarded because it appeared to be too much weathered and leached to be 
suitable for testing. 

The “Lower Blue” limestone specimen is a slightly blue-gray medium- 
grained limestone. There are few joints or cracks. The specimen appears to 
be slightly weathered, and may be somewhat leached. 

The lower part of the Crinoidal limestone is represented by a specimen of 
relatively coarse (0.5-1.5 mm) crystalline limestone of uniform character. 
There are minor fractures, some of which may have had traces of minerali- 
zation on them as they are now weakly iron stained. There is some sugges- 
tion of deformation or “flowage” in the limestone. 

The upper part of the Crinoidal limestone is essentially the same, but 
somewhat finer-grained (0.1—-1.0 mm). 

Schmitt notes (14, p 14) that “There is a definite structural control for 
most of the zinc ore bodies at Hanover. Most of the ore is in the 110 foot 
Crinoidal Hanover limestone bed at the top of the Mississippian, commonly 
spreads out under the superjacent 18 foot Pennsylvania Parting Shale layer 

Horizontal blanket-like ore occurs just under the 18 foot shale layer. 
They vary from 1 to 45 feet in thickness and up to 200 feet in diameter.” 

The six discs of the upper part of the Crinoidal limestone had average 
permeabilities of 0.00167 millidarcys while the lower part had a permeability 
of 0.0002 millidarcys for two discs. The arithmetical average of the 8 discs 
of the lower and upper parts of the Crinoidal (all measured perpendicular 
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to the bedding) gives a value of k equal to 0.0013 millidarcys. The corre- 
sponding average for the 3 discs representing the “Lower Blue” is 0.000028 
millidareys. The available specimens give a permeability for the favorable 
ore horizon of about 200 times that of the underlying unfavorable horizon. 

Though the underlying “Lower Blue” limestone is relatively impervious, 
it is evident that the ore solutions must have risen past this horizon to reach 
the “Crinoidal limestone.” For this result we must postulate major channel 
ways such as faults, widespread shattering, shearing or structures related to 
folding. In this particular instance it is probable that the “Parting Shale” 
acted as an “impervious” capping which aided the diversion of the ore-bearing 
solutions into the “Crinoidal limestone.” There is no sample of the shale 
available for testing. 

Gilman, Colorado.—Nine specimens representing as many different hori- 
zons were kindly collected by Dr. W. Horatio Brown, Geologist, The Empire 
Zinc Company, Gilman, Colorado. The major features of the stratigraphy 
are similar to those noted for the Alma district, t.¢c., the Leadville limestone 
(16) overlying the thin Parting Quartzite, and the Dyer limestone below the 
quartzite. Here too, most of the ore occurs in the Leadville Limestone. 
Stratigraphic detail accompanying the specimens was sent in confidence, so 
the specimens will be described only by their key number, number one being 
at the top of the Leadville limestone. 

It was decided that unfortunately only three of the nine specimens were 
suitable for the type of tests being conducted. The rejection of specimens 
was done largely on the grounds of excessive dolomitization, presence of min- 
eralization, very vuggy character of the specimen, or excessive amount of 
fracturing in the specimen which would make it difficult to cut a suitable disc. 
In a letter of September 25, 1935 Brown writes, “You ask for specimens from 
outside the zone of alteration around the ore. As far as I can judge at 
present dolomitization and recrystallization are regional effects.” In a letter 
of November 26, 1935 accompanying the specimens Brown writes, “Taking 
the collection as a whole, I believe they are about as representative as can 
he obtained in such a small number of specimens, but I have no illusions that 
they represent an accurate sample of the entire thickness of the limestone.” 
In other words, the dolomitic, vuggy and fractured character of the specimens 
is typical of their occurrence, but this renders them unfit for the present tests. 

Specimen 3 is described by Brown as representing a “thin bedded, dark 
gray. dense limestone.” Four discs were tested giving an average perme- 
ability of 0.00013 millidarcys. 

Specimen 6 represents the Parting Quartzite, but Brown in his letter of 
November 26, 1935 writes, “In the case of Specimen 6 of the Parting Quarzite, 
we are sending a specimen of the hard massive sandstone or quartzite. . This 
specimen is by no means representative of the parting quartzite as a whole, 
but it is the only part of the member which is collectable. The rest of the 
member is a breccia which has quartz etc. fragments in a limey shale matrix.” 
In spite of its not being typical of the formation as a whole, it was tested by 
three discs which gave an average permeability of 0.0000021 millidarcys. 
Specimen 8 represents a “massive blue limestone” below the parting 
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quartzite. Tests on two specimens gave an average permeability of 0.0000043 
millidarcys. A third disc, cut so as to test the permeability parallel to the 
dip direction, contained a stylolite which acted as a distinct parting surface 
in the specimen. This parting quality appears to be emphasized by the rela- 
tively higher permeability of 0.00048 millidarcys. 

Because of the incompleteness of section it is impossible to make any satis- 
factory correlation between permeability and ore mineralization. ~ Brown men- 
tions in his letter of September 25, 1935 that “Locally . . . horizon 2 does 
serve as a cap and there is little or no ore in horizon 1. The chimneys extend 
downward with decreasing section through both formations, Leadville and 
Dyer.” (See also reference 16.) In other words, even this scattered testing 
of the section does give some suggestion that there may be a measurable cor- 
relation between permeability and ore-bearing horizons at Gilman. However, 
as Brown says, it might take hundreds of samples to get an accurate sample of 
the entire thickness of the limestone. 

Penoles, Sierra Mojada, Mexico—A number of specimens of diamond 
drill core from this camp were supplied through the courtesy of Mr. W. H. 
Holcombe, Supt., Cia Minera La Parrena, S. A., Esmeraldo, Coah., Mexico. 

The specimens represented the big dolomitic limestone known as _ the 
“manto dolomite” which is heavily mineralized, and the underlying unfavor- 
able limestone known as the Suiza horizon. The Manto horizon specimens 
were too dolomotized and vuggy to be suitable for the present tests. 

Three samples of the Suiza horizon gave close checks of 0.000012, 
0.000032, and 0.000038 millidarcys suggesting a rather uniform character to 
this horizon. 

Shafter, Texas —Selected specimens of diamond drill core from the Pre- 
sidio Mine were kindly furnished by Mr. Charles E. Stott, General Supt., 
The American Metal Company of Texas, Shafter, Texas, who comments on 
the specimens as follows in a letter of May 9, 1936: “No. 1: Hole 141, depth 
(16'-25’), massive Cibolo Breccia altered favorable limestone. 8’ distant from 
mineralized fracture. Lies 50’ above thin bedded unfavorable horizon of dark 
limestone. Ore body lies up the dip from the locality of sample and 450’ 
away.” 

“No. 2: Hole 143, depth (33’-35’), thin bedded dark limestone; lies 
directly below an ore body at a distance of 164’. This limestone is incom- 
petent. Ag—Nil; Insol—16.6% ; CaO—43.8%.”’ 

“No. 4: Hole 144 (100’-108’). This is known as a high limestone as it 
lies direciiy under the contact for a varying thickness and has a peculiar 
crinkly appearance due to its silicification. In most cases it is unfavorable 
to replacement. It is from the same locality as sample No. 1.” 


Spec, No. of Permeability 
No. Discs Millidarcys 
1 3 0.0000015 
2 2 .0000092 
3 2 .0000040 

4 2 000016 


Only specimen 4 is sufficiently different from the other three to warrant 
any comment, and here it is to be noted that Stott describes the horizon as 
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usually unfavorable to replacement, and having a “peculiar crinkly appearance 
due to its silicification.” We are not warranted in making any conclusive 
correlation between permeability and favorable ore horizons on the basis of 
the tests conducted. 

Austinville, Virginia—Mr. William H. Callahan, Geologist, The Bertha 
Mineral Company, was very cooperative in supplying specimens of diamond 
drill core for testing purposes. Material from 8 different beds was supplied, 
but they were not all tested, as the negative results obtained on material from 
other districts seemed to preclude the probability of finding any recognizable 
correlations between permeability and ore horizons. 

Horizon BRM was tested by two discs with an average permeability of 
(0.000022 millidarcys, and horizon TM with only one disc gave 0.0000074 
millidareys. Neither of these horizons are important ore-bearing horizons. 
The geology has been described by Brown (17). 

Tri-State District—Mr. George M. Fowler kindly collected a suite of 
eight specimens representing seven different horizons in the carefully studied 
section of the Joplin-Miami-Picher district (7, 18, 19). Most of the speci 
mens are channel cut pieces that were collected from quarries in the Joplin 
district, and are free from any shattering that blasting in the mine might 
induce. Fowler’s note on location and interpretation of the detailed stratigra 
phy are given here, together with the writer’s descriptive notes on the 
specimen, 

No. 1. “From 43 to 50 feet below the Short Creek Oolite.” The speci 
men is a uniform, recrystallized gray-buff limestone, with crystals approxi 
mating 1 mm in diameter; there are sparse areas of coarser crystals. A 
stylolite cuts across the specimen. 


No.2. “. . . lying between 56 and 62 feet below the Short Creek Oolite.” 
The crystal size ranges from } to 1 mm in diameter. Stylolites are present. 

No. 3. “... is near base of the Warsaw... .” The specimen is a 
mottled buff and gray colored, dolomite with crystal size of about J-1 mm. 

No. 4. “. . . 244 feet stratigraphically below block No. 3... .” The 


specimen is a uniform gray dolomitic limestone, with grain size about 1 mm. 
No oolite recognized. 

No. 5. “This block is from 16 feet below the Short Creek Oolite. 

The specimen is generally finer grained than the other specimens, 7.c., about 
'y—} mm size crystals, but has local areas of very coarse recrystallization. 
The rock breaks with conchoidal fracture. 

No. 6. “Block is from a bed 22 feet below the Short Creek oolite. 

It resembles closely black No. 5. 

No. 7 and No. 8 are both specimens of J bed, the basal bed of the Warsaw 
formation which Fowler describes as being a “Brownish and gray limestone 
and chert, or soft greenish limey stratum usually containing glauconite. Min 
eralized only in areas of intense deformation.” 

In a letter of December 13, 1938 Mr. Fowler writes as follows: “Speci 
mens 1 and 2: It is almost certain that these specimens are from M bed. It 
is difficult to draw a line between M and N beds in this locality, but we know 
that M is more than 50 feet thick and may exceed 60 or 70 feet in thickness. 
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“Specimen 3 and 4: Very probably from H and K beds respectively. 
“Specimen 5 and 6: . . . both are probably near the middle of M bed. 
“It is possible that specimens 3, 4, 5 and 6 are about equally favorable for 

ore deposition and that 1 and 2 are less favorable, with 7 and 8 least favorable. 

As we have observed conditions underground we believe that the favorableness 

of beds is influenced largely by their bedding characteristics particularly 

whether they are thick or thin bedded. Specimens 3 and 4 are from horizons 
generally thin bedded; 5 and 6, 1 and 2 are a little thicker bedded; and 7 and 

8 are shaly composition and are nearly always barren. I suppose thick bedded 

strata resist deformation better than thin bedded and are less likely to open 

latterly for the ore-bearing solutions.” 

Fowler states that “All the beds of the Boone formation are barren of 
mineralization except where deformation created structures favorable for ore 
reservoirs. In these areas the ore is confined almost exclusively to one or 
more of the favorable beds such as E, G, H, K, M, O, P and R beds. 
seds N, K, O, and R, in the order named, are the most important hosts for 
ore. In zones of strong fissuring, the beds from E to O, inclusive, are in 
places all ore bearing” (19, p 47). 

The average permeabilities obtained for these specimens are listed in 
Table 3 in their relative stratigraphic sequence. 


TABLE 3. 

Spec No. of Ore Horizon Permeability 
No Horizon Tests Importance Millidarcys 
3 H 2 1 0.000036 
7 J 1 3 0.0000063 
4 K (upper 4) 6 1 0.0000023 
5 M (middle) 2 1 0.000035 
6 M (middle to lower) 2 1 0.0000027 
1 M (lower to middle)’ 2 2 0.000036 

| 2 M (lower) 7 2 0.00011 
Only specimen No. 2 shows a permeability distinctly different from the 


majority. While this specimen represents a moderately favorable ore hori- 
zon, some of the other specimens come from horizons just as favorable or 
considerably more favorable. 

t With this series of specimens a number of tests were made to try to find 
some correlation between permeability and the presence or absence of stylo- 
lites, but as the data in the general tabulation clearly show, no relationship 
was found. The stylolites in these specimens did not act as distinct parting 
planes, but rather appeared as color bands which were thoroughly integrated 


\ and incorporated (recrystallized) as part of the rock. Consequently there 

le was no recognizable difference in permeability either with or without stylo- 

1 lites, or normal or parallel to the bedding. 

Discussion and Conclusions on Permeability Tests——In only two districts, 

Hanover, New Mexico, and Gilman, Colorado, was there any suggestion of 
t 


possible significant correlation between permeability and ore horizons. How- 
ever, in the case of Hanover, the specimens were from near the surface and 
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moreover the ore horizon showed distinct evidence of recrystallization which 
is believed to be due to local contact metamorphism. The specimen repre- 
senting the most favorable ore horizon at Gilman was not suitable for testing, 
but of the three horizons tested, the most favorable was very much more 
permeable than the less favorable horizons. In neither case are the data suf- 
ficiently convincing to warrant any practical conclusion, or field applications, 
without first undertaking extensive sampling for verification of the preliminary 
results. 

As indicated elsewhere stylolites increased the permeability parallel to the 
bedding when the stylolite was of a character that acts as a distinct parting 
surface in the limestone. In the samples tested this occurred in the case of 
the fine or very. fine grained compact and dense limestones. In the Tri-State 
samples the stylolites did not act as parting surfaces but appeared to have 
become intimately incorporated into the somewhat recrystallized limestone, 
and in these cases there was found no recognizable difference in permeability 
with or without stylolite. Previous to recrystallization and during the period 
of ore solution movement these stylolites may still have been important 
channelways. 

Jain (2) has demonstrated through his studies that in the deformed 
marbles of Vermont where there is some crystallographic alignment of calcite, 
the solutions flow more readily parallel to the fold axes than normal to the 
fold axes. However, in the generally less deformed limestones of the present 
study no increase in permeability parallel to the bedding (dip or strike), over 
the permeability normal to the bedding could be recognized in the tests con- 
ducted. With the possible exception of some of the Hanover specimens, all 
the limestones appeared to be very uniform and free from any visibly recog- 
nizable differences of character with orientation. As stated above, the Cri- 
noidal white limestone from Hanover appeared to have undergone some re- 
crystallization and flowage deformation. 

In view of the extremely low permeabilities obtained on the test specimens 
it would appear to be demonstrated that the movement of any appreciable 
volume of fluid through the natural inter-crystalline pores of the rock is an 
extremely slow process, and it is probable that the rock permeability is dom- 
inated by cracks, fractures, stylolites, bedding planes, or other partings in 
the rock. It must be kept in mind that throughout this experiment the tests 
were conducted with the objective of measuring intergranular permeability 
of the limestones, and deliberately eliminating any secondary permeability due 
to cracks, fractures, folded structure, etc. In discussing permeability one 
should clearly differentiate between intergranular permeability, and rock 
permeability which would include secondary permeability. 

While this initial study was not productive of any markedly significant 
correlation, it has demonstrated the fallacy of talking loosely about the favor- 
able ore horizon as being the most permeable. The writer feels that suffi- 
cient difference in the intergranular permeability of different horizons has 
heen demonstrated to warrant continuation of this type of investigative work. 


The next step should be a more detailed study of an individual mine or camp, 
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in which the experimentor does his own field collecting so that he may be 
aware of any local variations or peculiarities of the material collected. Varia- 
tions in permeability along the strike and dip, as well as possible correlation 
to regional structure, should be investigated. It was satisfactorily demon- 
strated that the technique used was capable of accuracies well within the 
limits of the sampling error. Occasional apparent inconsistencies or erratic 
values were obtained which in themselves were correct, but varied so greatly 
from other specimens of the same rock that they served to emphasize the 
importance of the selection of material for the test. 


(To be concluded in No. 2 of this volume.) 











THE TEMPERATURE OF CRYSTALLIZATION OF A FLUO- 
RITE CRYSTAL FROM LUNA COUNTY, NEW MEXICO. 


W. S. TWENHOFEL. 


ABSTRACT. 

Temperature determinations made by heating liquid inclusions in a 
fluorite crystal from the Greenleaf no. 1 prospect, Fluorite Ridge, Luna 
County, New Mexico, indicate that the crystal started its growth at about 
202° C. and continued growth until the temperature had fallen below 150° 
C. The external habit of the fluorite crystal is cubic, but the shape of 
the temperature contours indicate that the crystal grew with octahedral 
habit throughout most of its period of crystallization 


INTRODUCTION. 


THE purpose of this paper is to report data secured in the course of a study 
of the temperature of formation of fluorite. The specific data presented here 
were obtained from a fluorite crystal from the Greenleaf no. 1 prospect, Fluo 
rite Ridge, Luna County, New Mexico. Additional data from fluorite crystals 
from other localities will be reported later. 

In 1858 Sorby? first demonstrated the technique of determining the tem- 
perature of crystallization of minerals by heating liquid inclusions in minerals. 
Holden * apparently was the first of the modern workers to revive the tech 
nique. Since then Newhouse * has applied the method to the sphalerites of the 
Mississippi Valley ores. [:rmakov* has applied the method to ores con 
taining calcite, fluorite, barite, and quartz. 


TECHNIQUE. 


Practically all crystals, if observed with sufficient magnification, will re 
veal cavities filled with liquid, liquid and gas,.gas, glass, or crystalline ma 
terial. Mineralogists are familiar with the so-called “veils” and “ciouds” in 
quartz crystals which are planes and aggregates of liquid inclusions. All but 
the highest quality optical grade of minerals contain them. 

The fluid content of liquid inclusions has been studied by Newhouse. Ap 
parently no analyses have been made of the liquid in cavities in fluorite. 


1 Sorby, H. C., On the microscopical structure of crystals, indicating the origin of minerals 
and rocks. Quart. Jour. Geol. Soc. London, vol. 14, pp. 453-500, 1858. 

2 Holden, E. F., The cause of color in smoky quartz and amethyst. Am. Min., vol. 10 
pp. 203-252, 1925 

+ Newhouse, W. H., The temperature of formation of the Mississippi Valley lead-zin« 
deposits. Econ. Grot., vol. 28, pp. 744-750, 1930. 

4 Ermakov, N. P., Determination of temperatures of formation of hydrothermal minerals 
by studying liquid inclusions. Comp. rend. acad. sci., U.R.S.S., vol. 45, pp. 202-204, 1944 

Newhouse, W. H., The composition of vein solutions as shown by liquid inclusions in 


minerals. Econ. Grou., vol. 27, pp. 419-436, 1932. 
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Liquid inclusions are of two main types: primary and secondary. Primary 
liquid inclusions are those that form at the time of crystallization and are either 
inclusions of the mother liquor or inclusions of foriegn liquids. The petro- 
leum inclusions found in some minerals from the Kentucky fluorite district 
are undoubtedly inclusions of foreign liquids. Secondary inclusions are those 
that form after the crystal has crystallized, commonly by the sealing of cracks 
in the crystal. Secondary inclusions reveal nothing of the temperature of 
crystallization. Therefore, in making temperature determinations from liquid 
inclusions it is absolutely necessary to distinguish between primary and sec- 
ondary inclusions. The reader is referred to a paper by Laemmilein ® for an 
excellent discussion of the criteria that can be used to distinguish secondary 
from primary inclusions. 

In the case of primary liquid inclusions it is obvious that the liquid must 
have completely filled the cavity unless there were two phases (i.c., gas and 
liquid) present at the time of crystallization. Two phase inclusions are rare 
in fluorite. As a crystal cools the liquid in the cavity contracts more than does 
the cavity, and a vapor bubble forms. Upon heating the crystal the liquid 
expands forcing the vapor bubble to become smaller until a temperature is 
reached at which the bubble will disappear. This temperature is the tempera- 
ture at which the liquid was included, providing that the pressure prevailing 
at the time of crystallization was equal to the vapor pressure of the solution at 
this temperature. The pressure may well have been greater than the vapor 
pressure of the liquid. However, at the comparatively low tempratures at 
which the vapor bubble disappears in the crystals examined, the compressibility 
of water, and presumably of the liquid in the inclusions, is so small that the ef- 
fect of pressure would be to raise the true temperature but a few degrees above 
the temperature determined. 

Early in the study of the liquid inclusions in fluorite it was found that the 
temperature obtained from a given crystal of fluorite is dependent upon the 
position of the inclusion in the crystal. In general inclusions near the cen- 
ter of a crystal give higher readings than those near the edge, indicating, of 
course, that the crystal grew with falling temperature. Some reversals of the 
above situation have been found. 

In order to study the inclusions formed throughout the history of crystalli- 
zation, sections are cut through the center of the specimen so that a given sec- 
tion will have inclusions formed from the start of crystallization to the end of 
crystallization. Sections are cut about 1 mm. thick. The crystal section is 
then mounted in a microscope heating stage. The position of any observed 
inclusion in the section may be determined if the heating stage is mounted on a 
mechanical stage. 

DISCUSSION OF RESULTS. 

An interesting group of data has been obtained from a crystal from the 
Greenleaf no. 1 prospect, Fluorite Ridge, Luna County, New Mexico. All 
of the natural crystal faces of the crystal are not present, but enough of them 
are present to indicate that the complete specimen was bounded by cube faces. 

6 Laemmlein, Georg, Sekundiire Fliissigkeitsteinschliisse in Mineralien. Zeit. fiir Krist., 


vol. 71, pp. 237-256, 1929. 
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A section perpendicular to a cube face was cut through the approximate 
center of the crystal (Fig. 1). The outer one-quarter inch of the crystal be- 
neath the cube face is a pale violet color, whereas the rest of the crystal is pale 
apple green in color. 

Temperature readings were taken on some 63 primary liquid inclusions 
and the results are given in Fig. 2. The readings are contoured with an in- 
terval of 5 degrees Centigrade. 





















































Fic. 1. Cubic fluorite crystal, showing orientation of section. Compare 
with Fig. 2. 

Fig. 2 demonstrates that the crystal started out and grew throughout most 
of its history as an octahedral crystal. It was near the end of the period of 
crystallization that the habit of the crystal changed to cubic. The crystal 
started its growth slightly above 202° C. and grew until the temperature 
dropped below 150° C. The temperature at which the crystal changed from 
octahedral habit to cubic habit is not clearly marked, but it appears to be about 
170° C. It should be noted that the change from apple green color to violet 
color also occurs at approximately the position of the change from octahedral 
to cubic habit. 
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It should not be concluded on the basis of a single crystal that the color 
change is caused by habit change, or vice versa, but this study does indicate 
the possibility that change in habit and change in color both may be related to 
the temperature of crystallization. Drugman ‘ has pointed out that octahedral 
fluorite probably forms at a higher temperature than cubic fluorite, and that 
numerous octahedral fluorite crystals are apple green in color. Incomplete 
studies by the writer do not contradict Drugman’s conclusions. 
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Fic. 2. Temperature zoning in a fluorite crystal from Luna County, New Mexico. 


The data in Fig. 2 are given as an example of the type of information that 
can be obtained from temperature determinations on liquid inclusions in fluo- 
rite, and it is hoped that the results obtained will stimulate others to make 
similar studies. 

[In addition to possible correlation between temperature, habit, and color, 
it should be possible to determine accurately the paragenetic sequence of dif- 
ferent minerals in an ore deposit. At present paragenetic sequences are de- 
termined by comparing the mutual external relationships of the minerals. 


7 Drugman, Julien, Different habits of fluorite crystals. Min. Mag., vol. 23, pp. 137-144, 


1932 
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Such comparisions are inconclusive at best and reveal nothing as to the ac- 
tual temperature of formation. It is apparent from the results obtained that 
a given crystal of fluorite may crystallize throughout a wide range of tempera- 
ture, and it seems safe to assume that the temperature range of crystallization 
of all minerals in a given vein or deposit is even greater. 

Another intriguing problem that is amenable to study is the question of 
temperature zoning of mineral deposits within a district or within a vein or 
lode. Studies of this type conceivably might reveal that the ore shoots are 
those places that contain minerals that crystallized at a higher (or perhaps 
lower) temperature than the average temperature for the entire deposit. By 
determining the temperature gradients within a deposit it might be possible 
to predict the position of undiscovered deposits. 
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PETROLEUM ON THE CONTINENTAL SHELVES. 
In September, 1945, President Truman proclaimed: 
The Government of the United States regards the natural resources of the sub- 
soil and sea bed of the continental shelf beneath the high seas but contiguous to 


the coasts of the United States as appertaining to the United States and subject to 
its jurisdiction and control. 


Immediately following his proclamation, he ordered that: 


lhe natural resources of the subsoil and sea bed of the continental shelf be and 
they are hereby reserved, set aside and placed under the jurisdiction and control of 
the Secretary of the Interior, pending the enactment of legislation in regard thereto. 

These pronouncements induced the Secretary of the Interior, Mr. Ickes, 
on his part, to issue a statement revealing that he had long urged on the 
President the action he had now taken. In his advice to the President, the 
Secretary had been actuated, he explained, by his conviction that beneath the 
continental shelves lay the last great frontier of petroleum resources remaining 
to be developed on earth. In arriving at this opinion, it is fair to assume, the 
Secretary must have been influenced by the advice of experts in the geological 
survey and the Bureau of Mines, whose researches are carried out under his 
administration. 

The continental shelves of the earth comprise an area of some eleven 
million square miles, about ten per cent of which is contiguous to the coast of 
the United States, including Alaska. What, then, is the character of this great 
marginal plain which fringes the continents—the continental sheli—and how 
adequately does it meet the conditions we have come to believe requisite to the 
generation of commercially important volumes of petroleum and the impound- 
ing of this petroleum in natural reservoirs in the earth’s crust? 

The long experience of the petroleum industry has convinced us that pe- 
troleum most commonly forms in large volume through an evolution which 
inevitably results whenever an abundance of organic material along with an 
abundance of fine sediments is deposited under saline waters, in an environ- 
ment which at once prevents the ordinary processes of oxidation and excludes 
the scavengers of the normal sea floor. Such an environment usually prevails 
in the deeper, stagnant waters of steep-walled closed or “silled” basins, de- 
pressed below the general level of the adjacent sea floor, in a region where 
sedimentation is in rapid progress. Closed basins of this type and rapid sedi- 
mentation are both characteristically developed in the sharp downwarps of the 
sea floor which mark the mobile segments of the earth’s crust. Our experience 
has also taught us that the impounding of large volumes of petroleum in natural 
reservoirs underground is usually accomplished through concentration in tie 


* By invitation of the Editor 
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pore spaces of sealed lenses, or bars, of mud-free, porous sands, or limestone 
reefs, formed and buried in proximity to the organic, saline muds filling closed 
basins. Under these conditions the fluid content of the organic mud is free 
to move directly into the porous rocks, under the growing pressures of pro- 
gressive compaction resulting from continued deposition. 

Great oil fields are usually encountered in the region of the profound 
downwarps in the mobile segments of the earth’s crust; and great oil fields are 
usually encountered in the younger rocks of the earth’s crust. The incidence 
of large accumulations of petroleum, measured in commercial oil fields per 
unit volume of sediments and per unit of time, increases as we approach the 
mobile segments of the earth’s crust and diminishes as we move toward the 
stable interior portions of the continental platforms. The index of petroleum 
occurrence, per unit volume of sediments and per unit of time, also is inversely 
proportional to the age of the enclosing sediments and reaches a maximum 
in the Pliocene, the youngest of the Cenozoic rocks. These generalizations 
are valid, notwithstanding the fact that in our own country, by dint of intense 
exploration, we have discovered a great deal of oil in the ancient rocks that 
were laid down in shallow interior basins of Paleozoic seas which spread far 
up on to the forelands of the primitive continental shield. 

By way of fulfilling these prescribed conditions, we have in the ‘continental 
shelves a segment of the earth’s crust which, because of its proximity to the 
zone of contact between the light substance of the continental platforms and the 
heavy substance of the oceanix depressions, is the locus of most of the earth 
movements which, by persistent thrust, subsidence and uplift, adjust and com- 
pensate crustal stresses. In this highly mobile zone, as a result of differential 
uplift and subsidence, the processes of erosion and deposition are stimulated 
and a thick wedge of sediments has accumulated. Upwelling currents along 
the adjacent continental slopes, and rivers discharging into the sea from the 
land, both laden with inorganic plant nutrients, have served to nourish marine 
life in the waters overlying the continental shelf in unparalleled abundance. 
Other currents and waves, sweeping across the general surface of the conti- 
nental shelf, which by reason of its position at the lower limit of effective 
wave action becomes at once a base-level of erosion and a top-level of deposi- 
tion, act to classify sediments according to grain size with remarkable efficiency. 
Only coarse sediments, winnowed of all muds, are left on the general surface 
and the eminences of the shelf area. The muds and the oozes, which include 
practically all of the organic residue of marine life, are flushed out of the 
sands and carried into the stagnant waters of the closed basins, in downwarped 
portions of the shelf or the adjacent continental slope. Thus the continental 
shelf tends to become a great complex of discontinuous natural reservoirs 
grading seaward, with much interfingering of sand lenses and layers of fine- 
grained sediments—with frequent overlaps, disasters and unconformities— 
into the rich organic muds of the continental slope. And, laterally as well as 
seaward, these reservoir beds merge gradually with the organic muds that have 
collected in the deep stagnant basins, characteristically downwarped in the 
surface of the continental shelf and slope. The resulting environment is 
ideally suited to the generation and accumulation of petroleum. 
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Two other principal factors contribute to the superiority of the region of 
the continental shelves as a hunting ground for oil fields. Since the close 
of the Paleozoic the processes of sedimentation have been progressively more 
active around the margins than in the interiors of the present land areas. 
Thus the younger sediments—those in which great oil fields most commonly 
occur—are present in larger proportion in the region of the continental shelf. 
Secondly, the unmetamorphosed sediments of the continental shelves and 
slopes of the earth bulk roughly three times larger in estimated volume than 
those of the entire surface of the present land areas. It is logical to conclude, 
therefore, that the petroleum resources of the continental shelf region should 
be correspondingly greater than those of the present land areas, to which our 

search for oil in the past has been confined. 

It may well be noted that fully one-half of the great mass of sediments 
which makes up the continental shelves of the earth has been deposited in the 
mediterranean seas, occupying the depressed segments between the continents : 

the American Mediterranean, the waters of the Gulf of Mexico and the Car- 
ibbean Sea, separating North and South America; the European Mediter- 
ranean squeezed in between Africa, Europe and Asia; the Asiatic Mediter- 
ranean, the island-studded waters between Asia and Australia; and the Artic 
Mediterranean, the shallow sea which covers the North Pole and is encircled 
by the coasts of North America, Europe and Asia. Significant also is the fact 
that the land areas contiguous to most of these great mediterranean regions of 
the earth are already important services of petroleum. 

In the United States we have already discovered some 53 billion barrels 

of oil through the exploration of sedimentary rocks with an aggregate volume 
of somewhat less than 3.0 million cubic miles. The estimated volume of the 
sediments which make up the continental shelves and slopes of the earth is 
twenty times this figure. The sediments we have been engaged in exploring 
in the United States are probably a representative sample of the marine sedi- 
ments of the earth. Our exploration in the United States is still not complete 
and most of us are confident that we shall make many additional discoveries. 
Sut even if we assume that we have already found all the oil there is in this 
country, the sediments of the continental shelves and slopes of the earth ought 
by analogy to contain more than 1,000 billion barrels of oil, or roughly 500 
times the world’s current annual consumption, 

Veritably, the possible petroleum resources of the continental shelves of 
the earth do hold out to the petroleum industry the prospect of a vast new 
frontier. 

Wattace E, Pratt. 

I RIJOLE, CULBERSON County, TEXAs, 

December, 19406. 
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Geologia de Bolivia. Frperico AHLFELD. Pp. 370; photos 64; figs. 51; block 
diagr. 1; pls. 8; 33” x 23” Map Revista del Museo de La Plata (Nueva serie) 
Seccion Geologia, tomo III, La Plata, Argentina, 1946. 


rhis is an excellent summing up of present knowledge concerning the regional 
geology of Bolivia, from the 1847 publications of the French naturalist A. d’Orbigny 
to the author’s and other present day workers’ data, some of which are published 
here for the first time. On lithologic and stratigraphic structural considerations, 
he makes these divisions; The Oriente ( Brazilian Shield), The Sub-Andean Zone, 
lhe Eastern and Central Ranges, The Altiplano, The Western Range. These are 
taken up in this order and all of the geological features of each are described as 
thoroughly as available knowledge allows. The mineral products of each division 
are mentioned briefly. For more detailed data concerning these deposits the 
author refers the reader to two of his monographs, “Los Yacimientos Minerals de 
3olivia”’ and “Los Yacimientos de Wolfram de Bolivia.” The locations of known 
oil seeps are described. The work is well illustrated with many photographs, 
plans and sections. The colored regional map in the pocket (scale 1: 1,212,000) 
shows the geology of the Andean part of Bolivia, that is, all of the above named 
divisions except the Oriente of which relatively little is known. 


Identification and Qualitative Chemical Analysis of Minerals. Orsino C. 
SmitH. Pp. 351; colored plates 27; figs. 22. D. Van Nostrand Co., New 
York, 1946. Price, $6.50. ; 


Over 2,000 minerals are classified by specific gravity and hardness in 152 pages 
of tables that list the important physical properties. The preceding six chapters 
cover (1) the properties of minerals and how to determine them; (2) ultraviolet 
light and fluorochemistry ; (3) mineral chemistry; (4) tables of chemical reactions ; 
(5) qualitative chemical tests; (6) blowpiping and customary test reactions. The 
system of qualitative analysis is unique, and most of the various reactions fo1 
tests are illustrated by colored plates. The determinative tables also display most 
of the minerals in colors. Some of the colored flourescent plates are particularly 
striking. The*book also includes the appearance of blowpipe tests under ultra- 
violet light. 

it should prove a very useful book for the elementary determination of minerals. 


1945 Reference Report on Certain Oil and Gas Fields of North Louisiana, 
South Arkansas, Mississippi and Alabama. Vol I. Pp. 328; maps and 
charts. Shreveport Geological Society, Shreveport, La., 1946. Price, $12.50. 


This ambitious compendium covers sixty fields, three stratigraphic sections and 
an index map of the oil and gas fields and salt domes of east Texas, south Arkansas, 
north Louisiana, Mississippi and Alabama. Each field description carries charts 
of structure contours and well logs, and covers location, pre-discovery data, dis- 
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covering wells, structure, producing zones, well spacing, allowable, development, 
deepest well, proven area, production to January 1, 1946, outlets, and a table of 
effective section, porosity, permeability and gravity. All of this is arranged in very 
compact form. 

The volume is a remarkable compilation of the essential information relating 
to the fields of this area. Vol. I is shortly to be followed by Vol. II, including 
twenty-five fields, nine stratigraphic sections and a paper on the stratigraphy of the 
Cretaceous of the areas. 

Congratulations to the Shreveport Geological Society ! 


Oil and Gas Field Development in the United States. Year Book 1946 (Re- 
view of 1945). Vol. 16, National Oil Scouts and Landsmen’s Association. 
Editor-in-Chief, W. G. Sinclair. Pp. 964; illustrated. Austin, Texas, 1946. 


This great volume is the annual review of geological and geophysical prospect- 
ing, land and leasing activities, wildcat exploration, proven field development, oil 
and gas production and pipe line and refinery statistics. The arrangement is by 
states. Maps and charts show distribution of pools, geologic columns, cross-sec- 
tions, well log correlations and correlations of geologic formations. Appendices 
give important statistical information of a general nature. 


Ducktown, Back in Raht’s Time. R. E. Barcray. Pp. 286. University of 
North Carolina Press, Chapel Hill. Price, $5.00. 


This volume is a regional story of the local history of the well known copper 
district of Ducktown, Tennessee, and therefore is of particular interest to the 
mining fraternity. The narrative covers the period from the time of the Cherokees 
in the 1830's to a period when the mines were closed in 1878. (The mines, how- 
ever, are still going.) The book treats of the early sporadic attempts to extract 
the ores, the interesting periods of speculation, property sales, company formation, 
consolidations, and the unique growth of a locale and society with its own morals 
and customs. It includes history, legends, stories and letters of the early settlers, 
ininers and residents. The part covering the period through the Civil War is of 
particular interest. 

The author brings to this work his own intimate knowledge of the copper and 
smelting industry of Ducktown and the reader has the result of his interesting 
studies. 


Regions and Nations of the World. [Eari FE. Lackey anp Estuer S. ANDERSON. 
Pp. 489; figs. 238. D. Van Nostrand Co., New York, 1946. Price, $4.75. 


The first surprise about this big volume with a page size of 8% by 11 inches is 
its nominal price, and the second is its excellent appearance in these days of paper 
difficulties. The abundant pictures and excellent drawings catch the eye at once. 

The volume is unusual in its approach. Its purpose is for a classroom text in 
world geography. The authors have made the physiographic unit the basis of their 
geographic descriptions and interpretations. Within this framework the landscape 
features of the earth are stressed and the intricate relations between landscape and 
human activities is clearly brought out. These are helped by the excellent scenery- 
type maps and drawings—a visual aid we could wish for in more books. 

Part I covers North America, divided into the customary United States physio- 
graphic provinces, Canada, Newfoundland, Greenland and Spanish North America. 








88 REVIEWS, 


Part II covers South America, divided into Andean Highlands, Interior Lowlands, 
and Eastern Highlands; Part III, Eurasia, is arranged according to the Central 
Eurasian Barrier and Gateways, and lands south, east and north of the Barrier; 
Part IV is Africa divided into three areas of highlands and associated areas; Part 
V includes Australia and Antarctica. Appendices cover climates, vegetation, soil 
groups, precipitation, general references and important mineral resources. 

This is the most interesting textbook on geography the reviewer has seen. 


BOOKS RECEIVED. 
ALAN T. BRODERICK 


Geology as a Profession. A. R. Taytor ANp oTHERS. Pp. 19; figs. 4. Nat. 
Roster Scientific and Specialized Personnel Vocat. Booklet No. 1, 1946. Wash- 
ington, 1946. Brief description of geologists, their work, employment condi- 
tions and training, for those seeking or giving vocational advice. 


The Origin of the Amphibole Asbestos Deposits of South Africa. A. L. pu 
Tort. Pp. 45; figs. 12. Geol. Soc. S. Afr. Trans. Vol. 48. Johannesburg, 
1945. Crocidolite, Amosite seams generated from Fe, Na-rich sediments by 
post-Matsap deformation. Fiber quality developed by weathering. 


Les Gisements de Terres Plastiques et Refractaires d’Andenne et du Condroz. 
L. CaLtemBert. Pp. 204; figs. 50. Liége, 1945. Geologic descriptions and 
theories of origin of plastic and refractory clay deposits: Many in limestone 
at or near schist contacts are result of concurrent lacustrine deposition of schist 
leachings and sink hole slumping. 


Geology of the St. Helen’s Quadrangle, Oregon. W. D. Witkinson, W. D. 
Lowry, E. M. Batpwin. Pp. 39; figs. 8; maps 2. Oregon Dept. of Geol. and 
Min. Inds. Bull. 31. Portland, 1946. Stratigraphy of area as key to Tertiary 
of N.W. Oregon. 3.1 million tons of high-P Limonite ore, “many millions” of 
tons of 38% Al, 21% Fe, 5% Ti, 9% SiO, bauxite in area. 


Studies of Mineral Sulpho-Salts: 1X—Lengenbachite. E. W. Nurriecp. Pp. 
6; figs. 3; tbls. 2. Royal Soc. Can. Trans, Series 3, Vol. 38, Sect. 4, 1944. 
Ottawa, 1944, 


Studies of Mineral Sulpho-Salts: X—Andorite, Ramdohrite, Fizelyite. IK. W. 
NuFFiELp. Pp. 14; pls. 3. Royal Soc. Can. Trans. Sect. 4, Vol. 39, 1945, 
Ottawa, 1945. Proper to consider other two as varieties of andorite. 


Studies of Mineral Sulpho-Salts: VIII—Plagionite and Semseyite. [. \V. 
Nurrietp, M. A. Peacock. Pp. 22; figs. 9; tbls. 9. U. of Toronto Studies, 
Geol. Series, No. 49, pp. 17-39, 1945. Toronto, 1945, No. 1. Symmetry and 
dimensions of unit cells by x-ray methods. Diagnostic powder patterns. Spe 
cific gravity, polished surface characters observed. 


Hedleyite, a New Bismuth Telluride from British Columbia, with Notes on 
Wehrlite and Some Bismuth-Tellurium Alloys. H. V. Warren, M. A. Pea 
cock. Pp. 14; figs. 6. U. of Toronto Studies, Geol. Series, No. 49, pp. 55-69, 
1945. Toronto, 1945, No. 2. Essentially a solid solution of Bi in Bi,Te., with 
Bi greatly in excess of saturation limit. Data similar to that given above for 
sulpho-salts determined. 
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Mineralogical Notes. E. W. Nurrievp, M. A. Peacock. Vp. 4. U. of Toronto 
Studies, Geol. Series, No. 49, pp. 71-75, 1945. Toronto, 1945, No. 3. Mer- 
curian silver from British Columbia; Potarite, a palladium mercuride; “Re 
crossing axial plane dispersion in Goethite” found to be a false effect due to 
filter leakage at light source. 


Crystallography of Copiapite. C. PaLacur, M. A. Peacock, L. G. Berry. Pp. 
17; figs. 9; tbls. 5. U. of Toronto Studies, Geol. Series, No. -50, pp. 9-26, 
1946. Toronto, 1946, No. 1. 


Studies of Mineral Sulpho-Salts: XII—Fiiléppite and Zinckenite. E. W. Nur- 
FIELD. Pp. 13; figs. 7; tbls. 5. U. of Toronto Studies, Geol. Series, No. 50, 
pp. 49-62, 1946. ‘Toronto, 1946, No. 2. 


Melonite from Quebec and the Crystal Structure of NiTe,. M. A. Peacock, 
R. M. THomrson. Pp. 10; figs. 5; tbls. 1. U. of Toronto Studies, Geol. 
Series, No. 50, pp. 63-73, 1946. Toronto, 1946, No. 3. 


Mineralogical Notes. Rk. BeELanp, M. A. Peacock. Pp. 5; figs. 4. U. of To- 
ronto Studies, Geol. Series, No. 50, pp. 79-84, 1946. Toronto, 1946, No. 5. 
Hydrosynthesis of smithite (Ag,S+As,S,); Crystallography of artificial and 
natural smithite. 


Mineralogical Notes. R. M. THompson. Pp. 2. U. of Toronto Studies, Geol. 
Series, No. 50, pp. 77-79, 1946. Toronto, 1946, No. 4. From X-ray and 
micro-chem. tests, Goldfieldite = Tellurian Tetrahedrite; Antamokite, a gold 
telluride, is discredited. 


Correlation of Domestic Stoker Combustion with Laboratory Tests and Types 
of Fuels. II. Combustian Tests and Preparation Studies of Representa- 
tive Illinois Coals. R. J. Hetrinstine, C. C. Botry. Pp. 62; figs. 37; tbls. 


10. Ill. Geol. Surv. Rep. Inv. 120. Urbana, 1946. 


Ohio’s Mineral Resources. Salt Reserves III. G. C. Gamprs, G. W. White. 
Pp. 22; figs. 2; tbls. 5. Ohio State Univ. Eng. Exp. Sta. Cire. 49. Columbus, 
1946. 


Glimpses from Resource-Full Kansas. Kansas Geol. Surv., U. of Kansas. 
Non-technical stories about Kansas’ oil, gas, mineral deposits, scenery, rocks, 


fossils, water resources. 


The Diamond Industry in 1945: 21st Annual Review. S. H. Baty. Pp. 22. 
The Jewelers’ Circular—Keystone. Record 14,250,000 carat production. 
Congo 73%, S. Afr. 8%. Stocks largely depleted. Diamond cutting, world 
production, industrial diamonds. 


Strip-mined Areas in the Southeastern Kansas Coal Field. G. E. Anernatny. 
Pp. 19; pls. 3; figs. 11. Kans. Geol. Surv. Bull. 64, Pt. 4. Lawrence, 1946. 
Register of companies, locations, description of seams, outline of stratigraphy, 
operating methods, analyses, production data. 


(Ontario) Natural Gas, Petroleum, in 1945. R. B. Harkness. Pp. 85; tbls. 
18; photos 1; graphs 4. Ontario Dept. Mines 55th Ann. Rep., Vol. 55, Pt. 3, 
1946. Toronto, 1946. Production, distribution, consumption, leakage of gas. 
Licenses issued, well logs, oil field production, refinery operations, imports. 
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Geology and Coal Occurrences of Wapiti-Cutbank Area, Alberta. J. A. A:- 
LAN, J. L. Carr. Pp. 43; pls. 2; figs. 10; tbls. 4. Res. Council Alberta Rep. 
48. Edmonton, 1946. Area 250 mt. WNW Edmonton. Considerable unex- 
ploited reserves of High Vol. C Bit., sub-bit. A, sub-bit. B and C indicated in 
upper Cretaceous. 


53rd Annual Rep. of the Ontario Dept. of Mines, Vol. 53, Pt. 1, 1944. Pp. 
243; tbls. 8. Toronto, 1946. Statistical review of Ontario mineral industry; 
list of mines, quarries and works operating; mines of Ontario; mining acci- 
dents- -for 1943. 


Pennsylvania Ostracodes of Illinois. C. L. Cooper. Pp. 177; pls. 21; figs. 36. 
Illinois Geol. Surv. Bull. 70. Urbana, 1946. Descriptions and ranges of 
genera and species from 120 stratigraphically-known Eastern Interior Basin 
outcrops. 


Geology and Ground-Water Resources of Grant, Haskell, and Stevens Coun- 
ties, Kansas. T.G. McLaucuiin. Pp. 221; pls. 12; figs. 18; thls. 20. Kan- 
sas Geol. Surv. Bull. 61. Lawrence, 1946. 


The Ground-Water Resources of the Glacial Deposits in the Vicinity of Can- 
ton, Ohio. E. J. Scuarrer, G. W. Wuirte, D. W. Van Tuyt. Pp. 118; pls. 
6; figs. 7; thls. 4; photos 3. Ohio Water Res. Bd. Bull. 3. Columbus, 1946, 
Studies on nearby untapped glacial-gravel-buried valley show recovery of most 
of 3% to 4 million gallon daily recharge possible. 


The Age, Origin and Classification of the Rivers of India. H. L 


. CHHIBBER. 
Pp. 9; figs. 1. Natl. Geog. Soc. of India Bull. 1. 


Relatério de 1944, and Supplement. Pp. 280; figs. 55. Conselho Nacional do 
Petréleo. Rio de Janeiro, 1946. Data on petroleum production, importation, 
refining, geological and geophysical work in Brazil. 








SCIENTIFIC NOTES AND NEWS hy 


A. I, Levorsen, who has been head of the Department of Geology, Stanford 
University, has been made dean of a new School of Mineral Sciences, combining 
what were formerly the Departments of Geology and Mining, to start January 1. 
Formerly the Department of Geology was in the School of Physical Sciences, and 
the Department of Mining was in the School of Engineering. The purpose of 
joining the two departments is their common interest in minerals and rocks; the 
fact that basic training in both fields is similar; and that laboratory techniques 
common to both fields would enable sharing of facilities, techniques and ideas. An 
enrollment of 100 or more students is expected. 


Tue NATIONAL BookKs-FoR-PoLAND CoMMITTEE is anxious to receive geological 
books, journals and reprints and the money with which to buy these to supply the 
ruined libraries of sixteen universities and technical institutes in Poland. Con- 
tributions should be sent to the Kosciuszko Foundation, 15 East 65th Street, New 
York City, prepaid or express collect. This Foundation has representatives in 
Poland and funds to cover the cost of packing and shipping, and it will see to the 
proper distribution of the material. 


Cuartes M. Ritey has been appointed to the Longyear Fellowship in Metal- 
liferous Economic Geology in the Department of Geology and Mineralogy of the 
University of Minnesota. The Longyear Fellowship was established by the E. J. 
Longyear Company of Minneapolis in the spring of 1946 for basic research on the 
problems of finding hidden ore bodies by geological, geophysical and other means. 
His work will be under the direct advisorship of Professor Frank F. Grout. 


SAMUEL H. DoLseAr, REGINALD G. BOWMAN AND ARTHUR S. HECHT, repre- 
senting the firm of Behre Dolbear & Company of New York City, left on a mission 
to China in early August. The firm has been engaged by the National Recources 
Commission of China to make a detailed study of tin, tungsten and antimony 
deposits and the corresponding industries of China. 


J. K. Gustarson, Geologist for Newmont Mining Corporation, sailed for Aus- 
tralia the latter part of January on a six-months leave of absence to do consulting 
work for Zine Corporation Ltd. and associated companies. 


Gerorce TUNELL, who is on leave from the Geophysical Laboratory until June 
30, 1947, is serving as Acting Associate Professor of Mineralogy and Metalliferous 
Geology at the California Institute of Technology for the academic year 1946-1947, 
filling the place left vacant by the resignation of Dr. H. J. Fraser, who has become 
General Manager of the Falconbridge Nickel Company. 

The South American Geologic Ma; Committee of the Geological Society of 
America is asking that all corrections to the final geologic map, or manuscript for 
the report to accompany the map, be turned in by May 1, 1947. 

All such material may be sent to Mr. George W. Stose, U. S. Geological Survey, 
Washington 25, D. C. 
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WiLiiAM L. RusseEvu has accepted a position as associate professor of geology 
at Yexas Agricultural and Mechanical College, College Station, Texas. 


W. Mankorsky has been appointed geologist in northern Nigeria for London 
& African Mining Trust, Ltd. 


A. C. SKERL, chief geologist for Quebec Gold Mining Corporation, British 
Columbia, has accepted the additional assignment of consulting geologist to 
Cariboo Gold Quartz Mining Co., Ltd., at Wells, B. C. 


STANLEY H, Carucart has been appointed Pennsylvania state geologist to 
succeed Ralph W. Stone who retired December 31. Mr. Cathcart has been a 
member of the Topographic and Geologic Survey Department of Internal Affairs 
in former years and has been engaged in oil field work in Venezuela, Egypt and 
the Argentine. 


WarREN FIsHer has joined the staff of the fluorspar division of the Inland 
Steel Co. at Rosiclare, Illinois. 


J. L. Sruckey, head of the department of geology at North Carolina State 
College, was elected president of the Carolina Geological Society at its recen 
meeting. 


G. A. Rousn, editor of The Mineral Industry from 1914 to 1942 and recently 
mineral technologist for the U. S. Bureau of Mines, has been transferred to the 
procurement division of the Treasury Department to serve as metals engineer in 
the Strategic and Critical Materials Division, the organization developed to handle 
the purchase and stockpiling of materials necessary for defense. 


Epwarv H. Wisser has been appointed lecturer in the division of mining and 
metallurgy at the University of California at Berkeley, where he will lecture on 
the principles of mining. 

L. H. Harr has resigned from the position of geologist in charge of Western 


exploration with the U. S. Smelting, Refining & Mining Co. to become exploration 
engineer for the American Smelting & Retining Co. 








